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INTRODUCTION 

The purpose of this chapter is to provide the reader with the basic understanding needed 
to begin implementing SEE in the analytical laboratory. The mechanics and instrument,ation 
for SEE have been described in previous literature and/or can easily be obtained by the 
instrument manufacturers and will, therefore, not be emphasized. Likewise, the applica- 
tions of SEE are the subject of several reviews, and interested readers should refer to recent 
reviews listed at the end-of this chapter (Camel et al., 1995; Bciwadt et al., 1995; Janda 
et al., 1993; Chester et al., 1994, King et al., 1992). Instead, the focus of this chapter will 
be to describe the interactions of various experimental parameters that are utilized in SEE 
in the hope that better understanding of these parameters will allow the reader to more 
efficiently develop and use SFE in the analytical laboratory. A special effort has been made 
by both authors to address common pitfalls and misunderstandings of analytical SFE that 
they have frequently encountered during their accumulated years of developing analytical 
SEE methods. 

Analytical SEE can be sub-divided into two essential steps, extraction and collection. 
Both processes must be efficient for quantitative determinations to be possible, and it is 
common for new users of SFE to (for example) decide that poor overall SFE efficiencies 
are a result of poor extraction conditions, when the real cause of error is poor collection 
efficiencies. As will be demonstrated, the extraction can depend on both the matrix and 
analyte characteristics, and the development of quantitative SFE can be greatly improved 
by an understanding of these differences. In addition, SFE is often criticized because there 
appear to be multiple variables which must be optimized before quantitative extractions 
can be achieved. As will be demonstrated in the following discussions, nothing could be 
further from the truth With a basic understanding of the SFE experiment and the char- 
acteristics of the sample matrix and its interaction with analytes, SFE methods can often 
be developed and validated in a few hours or days. 

The examples and content of this chapter focus on the application areas that the authors 
are most familiar with: the supercritical fluid extraction of environmental matrices and 
foods and related agricultural products. This emphasis provides the reader with an extreme 
diversity in the sample matrices to which SFE can be successfully applied. Environmental 
samples are frequently characterized by strong analyte-matrix interactions which can be 
successfully overcome by optimization of extraction conditions, a change in extraction 
fluid identity, and the use of cosolvents. In contrast; food matrices present a somewhat 
different challenge to SFE, namely the presence of high water and coextractive content 
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and a strong dependence on matrix prepmtion prior to extraction. Whereas, the cited 
examples do not cover all of the application possibilities of SE, we believe they provide 
adequate scenarios for illustrating the principals and practice of SFE. 

I. COLLECTION OF EXTRACTED ANALYTES 

me development of appropriate collection conditions for target analytes after SFE3 is often 
ignored by new users, despite the obvious fact that quantitative extraction conditions 
cannot be developed and evaluated unless the collection step is efficient. Thus, the first 
job of the analyst is to optimize the coliection system and determine its efficiency for the 
target a&ytes. For bulk extraction of non-volatile analytes (e.g., determining fat content), 
collection of the SFE effluent can be efficiently performed in an empty vial. However, 
when the concentration of the target analytes is low, even non-volatile organics can be 
lost through aerosol formation. For volatile and semivolatile analytes (e.g., XC-able” 
organics), losses from vaporization can easily occur with an improper trapping system. 
In the literature, many authors of SFE papers have failed to determine the collection 
efficiencies of their SFE system, and have reported poor extraction efficiencies when the 
real fault is poor collection efficiencies. 

Determination of collection efficiencies requires selection of initial SFE conditions 
(discussed later in the text), and the generation of an appropriate spiked sample. It is 
especially important to note that collection efficiencies should be re-verified any time there 
is a significant change in the SFE conditions such as adding a modifier, increasing the 
fluid flow rate, or raising the extraction or restrictor heater temperature. To determine 
collection efficiencies, the target analytes should be spiked onto a relatively inert matrix 
(e.g., sand) and immediately extracted. Care should be taken that the more volatile analytes 
are not lost between the spiking or extraction step. For example, volatile organics (e.g., 
alkanes in the butane to decane range) will evaporate rapidly from sand, therefore requiring 
that a suitable sorbent (e.g., XAD-2 resin) be used for the spiking matrix (Yang et al., 
1995). If less than quantitative recoveries are achieved by this spike recovery study for 
volatile organ&, losses between spiking and SFE should be investigated. If the recoveries 
are low for more non-\.olatile species, the SFEZ conditions may not be sufficient for 
extraction. This can be tested by extracting the SFE residue using an organic solvent to 
determine whether the spiked analyte was not extracted during WE, or was not collected 
efficiently after WE. 

It should be noted that the problems associated with trapping are emphasized below 
so that the new practitioner is aware that trapping difficulties may exist, and must be 
considered while developing the SFE method. However, it is important to also note that 
both solid phase and solvent collection can be effkiently (and simply) performed for all 
but the most volatile aralytes as long as the analyst has a basic understanding of the 
collection systems. 

Xd. Solid Phase Collection 

Solid phase trapping is normally performed by depressurizing the CO2 and the adYtes 
prior to the trap, and collecting the anaIytes from the gas (or aerosol) phase directly onto 
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Table 1 Collection efficiencies of optimized sorbem and solvent traps for gasoline components. 

Afldp h-cent recove? (5 RSD)’ 

Sorbenf trap Solvenr mop 

5°C 

n-hexane 90 (4) 18 (13) 59 (14) 
benzene 93 (4) 90 (6) 102 (9) 
n-heptane 100 (3) 69 (10) 92 (9) 
toluene 101 (3) 103 (5) 108 (6) 
n-octane 101 (3) 95 (6) 102 (8) 
o-xylene IO1 (3) 104 (7) 106 (5) 
n-decane 99 (3) 102 (7) 104 (6) 
n-dodecane 99 (3) 102.(7) 102 (4) 

%RSDs are based on quadruplicate extractions of the gasoline components from XAD-2 sorhent resin extracted 
for 30 minutes with pure CO* at 345 bar and 80°C and a flow rate of -1.5 ml/minute. Sotbent trapping was 
performed with a Hewlett-Packard 768OT SFE and 60180 mesh Porapak Q sorhent set at 5°C. Solvent trapping 
was performed with an ISCO SFX-210 with 15 ml of methylene chloride (normal trapping) or with an ISCO 
SFX-3560 with 7 ml of methylene chloride (pressurized trapping). Results are adapted from reference 6. 

sorbents such as silica gel, Florisil, or bonded phase packings; or onto inert surfaces such 
as glass or stainless steel beads (Ashraf-Khorassani et ul., 1992; Mulcahey et al., 1991, 
1992; BBwadt ez al., 1993, 1994; Miller Schantz er al., 1986; Howard et al., 1993). After 
SE the trap is eluted with liquid solvents for subsequent analysis. Both cryogenic and 
adsorption mechanisms are active in solid phase trapping, however, cryogenic trapping 
on inert materials (glass or stainless steel beads) is largely unsuccessful for analytes with 
even a small vapor pressure. For example, Mulcahey reported only -25% collection 
efficiency of decanoic acid on 5°C beads, even though the boiling point of decanoic acid 
is 270°C. The use of sorbent phases allows adsorption to be used to increase the collection 
efficiencies, and the selectivity of the adsorption mechanism can be used to gain a degree 
of compound-class fractionation during the SFE collection step. In addition, the choice 
of rinsing solvent(s) can be used to sekctively elute difierent compound classes from the 
trapping system. This degree of selectivity based on the elution of the trap is a particular 
advantage of sorbcnt collection over solvent collection systems. However, solid phase 
trapping can be more complicated to optimize than solvent collection since the analyst 
must select the trapping material, the trap temperature, and the rinsing solvent(s). 

Since the solid phase trapping temperature is normally controlled, the temperatures used 
for SFE and for the flow restrictor have less potential effect on collection efficiencies than 
for solvent collection systems (discussed below). With proper conditions, very volatile 
compounds can be collected as shown in Table 1. However, solid phase trapping is much 
more susceptible to analyte losses when modifiers are used during the SE step* simply 
because the modifier can condense on the trap and elute the target ana}Ytes from the trap 
during the SFE step, rather than waiting for the normal eMion SW. The ~OI-F%I* solUtioU 

to this problem is to raise the trap temperature above the boiling Point Of the modifier 
(Mulcahey et ol., 1992; Bewadt et al., 1994), however, this Procedure wi11 aiso rednce 
the collection of volatile components. Correct selection of the trapping material can also 
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be used to avoid losses from modifiers on the trap. For example, Bswadt reported poor 
collection efficiencies for PCBs if 5% methanol modifier was used with a silica trap (65*C), 
but good collection efficiencies under identical SFE conditions using either Florisil or ODS 
trapping materials (Bawadt et al., 1994). 

Sorbent trapping of volatile species after SFE is particularly sensitive to the nature of 
the extraction fluid and trap temperature. Taylor et al. (1994) have shown, by means of 
gas chromatographic measurements (i.e., specific retention volumes), that carbon dioxide 
substantially reduces the breakthrough volume of many analytes on resinous sorbent media 
relative to more “ideal” fluids. Therefore, the analyst should evaluate the possibility of 
analyte breakthrough from the solid phase trapping media along with the extraction fluid 
of choice. Avoidance of analyte breakthrough from the sorbent trap can also be minimized 
by lowering’ the trap temperature, a feature available on many commercial instruments. 
Figure 1 shows this principle in action for the off-line SFE/GC of analytes from diesel 
exhaust particulates collected on filters (Levy et al., 1993). When the collection tempera- 
ture of the sorbent trap is held at 5’C, the collection efficiencies for even relative non- 
volatile species such as Cl6 hydrocarbons is poor. However, by cooling the trap to -45’C, 
over 90% recoveries could be obtained. 

Today off-line WE can be conveniently integrated with commercially-available solid 
phase extraction (SPE) cartridges (Maxwell et al., 1995). The mairiage of SFE with SPE 
allows the analyst to further purify, or cleanup, the resultant SFE extract. In the case of 
food or biological matrices, this coupling is critical, due to the presence of unwanted 
coextractives from the SFE. Insertion of preferred sorbent in an SPE cartridge provides 
not only the capacity to trap the analytes of interests, but also provides for the removal 
of unwanted material and segregation of the desired analyte. This allows the analyst to 
use many of the well developed SPE schemes along with SFE to minimize solvent usage 
in the analytical laboratory (VanHome et al., 1985). 

LB. Solvent Collection 

Solvent collection is best performed by simply inserting the outlet restrictor from the WE 
instrument directly into a small volume of collection solvent (typically 3 to 15 ml). Solvent 
collection is mechanically simple to perform and has the advantage that a new collection 
system can be used for each extraction, thus reducing the chances for carryover. However, 
the success of solvent collection is highly dependent on the SFE conditions including the 
polarity and volatility of the target analyte, the solvent characteristics (including polarity, 
viscosity, and boiling point), the SFE flow rate, and the temperature of the restrictor. In 
addition, commercially-available solvent collection systems have widely-varying collec- 
tion efficiencies, especially for more volatile analytes. Therefore, there is much disagree- 
ment in the literature on the abilities of solvent collection. 

If properly performed, solvent collection can be quantitatively efficient for virtually 
all semi-volatile organics (Langenfeld et al., 1992), and even for fairly volatile organics 
(Yang et al., 1995). Solvent selection is particularly important to obtain good collection 
efficiencies. For example, Langenfeld et al. reported that methylene chloride, chloroform, 
and acetone are efficient collection solvents for organic pollutants ranging from polars 
(e.g., substituted phenols and anilines) to non-polar (e.g., PAHs). In contrast, methanol 
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Figure 1 Off-line SNGC of diesel exhaust particulate from collection filters. Effecl of SW WTiV ‘em- 
perature on collection of hydrocarbon analytes after desorption. 
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and hexane frequently gave poor collection efficiencies under identical SFE conditions 
(Langenfeld et al., 1992). In addition to collection efficiencies, it is helpful to select a 
solvent that is compatible with the subsequent analysis. For example, methylene chloride 
is an efficient collection solvent for PCBs, but acetone is prefemed when GC with electron 
capture detection (ECD) is used for the PCB determinations. 

In contrast to the high collection efficiencies reported by Langenfeld, much lower 
collection efficiencies have been reported for the same or similar analytes using different 
systems for liquid solvent collection (Reindl et al., 1994; Vammort et al., 1990; Meyer 
et al., 1993; Lopez-Avila et al., 1990). It should be noted, however, that properly-per- 
formed solvent collection can efficiently trap even quite volatile compounds. As demon- 
strated in Table 1, even species as volatile as n-heptane and benzene can be efficiently 
trapped. 

In addition to solvent choice and volume, parameters which affect liquid solvent 
collection include the mechanical device used (direct depressurization into the collection 
solvent is generally more successful than depressurization to the gas phase before con- 
tacting the collection solvent) (Burford et al., 1992), CO2 flow rate (a flow of -1 rnl/min 
corresponds to 500 ml/min of gaseous CO,; therefore, higher flow rates cause more losses 
of volatiles), height and volume of collection solvent (Yang et al., 1995; But-ford et al., 
1992), and restrictor temperature (hotter restrictors can cause loss of volatiles). While 
liquid solvent collections can be very efficient, the collection efficiencies experienced by 
investigators using different commercial and home-built systems accentuates the need for 
verifying collection efficiencies whenever significant changes to the extraction conditions 
or collection systems are made (as discussed below). Of course, this same caution should 
be used for any SFE collection system. 

IX. On-Line Collection 

The majority of quantitative applications of SFE have involved off-line collection using 
either solvents or solid phase traps. However, on-line collection (where the SFE extract 
is directly transferred to the instrument used to analyze the extract) has been accomplished 
both for chromatography (most often with GC, followed by SFC and LC) (Janda et al., 
1993; Chester et al., 1994; Mae& ef al., 1992; Burford et al., 1994; Hawthorne, 1992; 
Levy et al., 1992) and spectroscopy (e.g., with FTIR) (Heglund et al., 1994). Since on- 
line techniques are the subject of a separate chapter in this book, only brief comments 
will be made here. 

A major reason for performing on-line SFE is to facilitate the collection of species that 
are too volatile for the off-line collection methods discussed above. For example, SFE- 
GC has been used to quantitatively collect organics as volatile as butane, acetone, and 
methylene chloride (But-ford et al., 1994). On-line techniques can also greatly increase 
method sensitivity by allowing all of the extracted molecules to be transferred to the 
chromatographic system. When “real-time” monitoring of the SFE process is desired, 
coupling SFE with spectroscopy (e.g., SFE/FI’IR) can be used to monitor extracts on the 
second (or less) time scale (Heglund et al., 1994). One potential advantage of on-line 
spectroscopic systems is the ability to measure extracted components under the SFE 
conditions, which eliminates the mechanical problems associated with restrictor plugging 
and analyte collection. 
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Figure 2 Schematic of a supercritical fluid extraction device for collecting non-votatiles (R) as well as volatiies 
on a Tenax trap. 

I.D. Collection in Empty Vessels 

Collection in a empty vial or vessel has been successfully practiced by a number of 
investigators and is particularly appropriate for bulk extraction of fat and similar exhaustive 
extractions. It is also applicable however, for the extraction of trace levels of analytes, 
such as pesticides (Hopper et al., 1991), but larger collection vessels are required for 
capturing such trace analytes in order to minimize their loss. Avoidance of entrainment 
of analytes in the escaping fluid stream can be minimized by adding a glass, steel wool. 
or ball packing to the empty container. The chosen material should be chemically inert, 
provide a high surface for condensing the analyte from the rapidly expanding fluid, but 
allow ready desorption of the analyte after completion of the extraction. A novel scheme 
for inserting an open collection vessel prior to a sorbent trap for trapping of both non- 
volatile and volatile constituents from food matrices is shown in Figure 2. Here, the initial 
collector serves to capture coextracted lipid constituents, while volatile species are isolated 
down stream on sorbent-filled tubes (Snyder et al., 1994). It is also possible to design a 
collection scheme that permits the concentration of volatile species in a coextracted oil 
under pressure. 

II. SAMPLE PRE-PREPARATION 

Prior to SFE, many sample matrices can be treated jn an effort to ensure homogeneity, 
increase extraction rates, decrease flow problems such as restrictor plugging, and/or 
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Table 2 Extraction of aflatoxin Bl from corn. 

Uerhod Sample Size Relative Standard Deviation (N = 5) 

SFE 3.0 g 519.6 ppb 6.2 

Solvent 50 g 549.2 ppb 3.5 
Solvent 3.0 g 515.1 ppb 10.5 

increase the selectivity of the SFE step. For many samples, no pre-preparation is required, 
however, there are a variety of simple steps that can be used to increase the reliability 
of SE for samples having different “difficult” characteristics. Many of these pre-treat- 
ments are similar to those used for conventional solvent extractions. 

II.A. SampIe Size and Homogeneity 

Because of the high pressures used in SE. most (but not all) commercial instrumentation 
is limited to - 10 ml samples. While many samples (e.g., soils and sediments, air particulates, 
polymers, and leaf tissue) are homogeneous in quite small quantities (often < 1 gram) with 
either minimal or no preparation such as grinding or sieving, several important applications 
of SFE require much larger quantities of sample to ensure representative results. 

The choice of sample size for any analytical determination or preparation can be more 
crucial than many analysts realize, and this applies equally as well to WE. In recent years, 
there has been an increasing trend toward smaller sample sizes due to two factors: improved 
comminution methods *and the desire to have smaller analytical instrumentation in the 
laboratory environment, i.e., smaller “footprints” on the benchtop. The latter factor, to 
some extent, has guided the design of the fifit wave of SUEZ instrumentation which has 
limited sample size on the average to around 10 grams. This limitation puts a premium 
on assuring sample homogeneity through mixing, grinding, and similar processes. How- 
ever, such processes must not permutate the sample matrix via mechanical or thermal 
action so that it is not representative of the original whole sample. 

An example of SFE where sample size comes into play is in the extraction of tiatoxins 
from corn and similar seed&rain matrices, an extraction which usually requires the use 
of a cosolvent to achieve suitable analyte recoveries (Selim et&., 1993; Taylor et al., 1993). 
Aflatoxins are generated on the corn matrix from infestation of the fungi, aspet-gillusflavus, 
and evolve and spread from a specific site, leading to a potential maldistribution of the 
target analyte on a single kernel of corn, throughout a corn ear, or at “hotspots” within 
a corn elevator. Therefore, obtaining a representative sample for SFE or any other extrac- 
tion or sample preparation procedure is difficult, particularly considering that the toxicity 
of the analyte does not make it very amenable to many standard homogenization tech- 
niques. Table 2 shows recovery results of aflatoxin B 1 from different quantities of the same 
corn sample for both solvent and supercritical fluid extraction. The SFE-generated result 
in this case was obtained on a 3-gram sample. Obviously, comparison of the SF&extracted 
sample to a 50-gram solvent extracted sample would lead to a low recovery figure for 
the SFE process. Comparison to a 3-gram solvent-extracted sample would indicate that 
both extraction processes achieved similar recoveries, but is extraction of 3-gram samples 
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Figure 3 SFE fat extraction from potato chips. Precision vs. sample size. 

the truth? Obviously, a SFE run on X)-gram sample could address this question and argues 
for the design of instrumentation capable of addressing the SFE of larger samples. For- 
tunately, some commercial equipment is available that will address this issue, including 
home-built equipment that is inexpensive and relatively easy to fabricate (King, 1995). 

Based on statistical sampling theory (Horwitz et al., 1980), using a larger sample size 
in any type of extraction yields more precise results. An example of this is given in Figure 
3 for the determination of the fat content of potato chips using WE. Here one sees 
obviously the tradeoff between sample size and precision of analysis. This has ramifica- 
tions in terms of comparing SFE with older extraction methodology, which is based on 
much larger sample sizes. Nonetheless, with proper homogeneity, even SFE on small 
sample sizes has yielded very good standard deviations, comparable with those found via 
established methodologies. 

1I.B. Sample Grinding 

AS just discussed, an important use of sample grinding is to increase the homogeneity of 
samples, particularly for biological matrices. An additional use of grinding is to increase 
SFE rates for samples in which the target analytes are physically distributed throughout 
the matrix material, as opposed to being primarily on the surface of the matrix. For such 
samples, sample grinding increases SFE rates by reducing the distance that the anaiytes 
must diffuse through the matrix to be extracted (Bartle et al., 1990). The extraction Of 
additives from polymers is a clear case where grhling increases the rate at which analytes 
are removed from the matrix. However, ghding samples for which the analytes are present 
on the surface has no significant effect on the extraction rate. For example, we have 
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Figure 4 SFE of link sausage with SC-C02. Effect of regrinding sample and reextraction. 

extracted PAHs and PCBs from soils and sediments both using different particle sizes 
produced either by grinding or by sieving, and have not observed any significant change 
in the extraction behiwior (i.e., plots of the amounts of pollutants extracted versus time 
are similar regardless of soil particle size). 

Inadequate sample comminution can lead to poor recoveries, particularly if a large 
amount of bulk analyte (fat or oil) is being recovered via analytical SFE. Figure 4 shows 
the result of attempting to extract all of the fat out of a large link sausage sample. In this 
case, fat recovery becomes rate limiting after a considerable extraction time or CO* passage 
through the meat matrix. Regrinding the sample in the extraction vessel, however, allows 
access to the fat enriched regions of the meat matrix and total recovery of the fat content 
from the link sausage matrix. One must be aware that the induction of heat through grinding 
may affect the enzymatic activity in a natural product type of sample and the potential 
loss of volatile mate&l prior to the SFE step. 

In some instances, sample grinding can be detrimental in SE, particularly when the 
analytes of interest are located on the surface on the sample particle. This is particularly 
true when dealing with natural Product samples containing many coextractives which may 
interfere in the analysis and require cleanup of the supercritical fluid extracted sample. 
In this case, SFE on the neat sample may prove more efficacious. For example, on-line 
SFE of the seeds of the botanical specie, d&a spinosa, better known as the “desert smoke 
tree”, (a potential source of perfume ingredients), yields extracts that are dependent on 
the cornminution of the sample (‘I’aylor et al.. 1994a). As shown in Figure 5, the analytes 
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Figure S On-line SFUSFC comparison of dalea spinosa components: whole seed, calyx. resin sac. 
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of interest are found at retention times that are less than 100 minutes. Grinding the sample 
introduces heavier components, i.e., glycerides, into the extract which are not desired. 
Therefore, in this case, extraction on the unground sample is preferred versus sample 
grinding. This example also illustrates the value of on-line SFE coupled with an appropriate 
form of chromatography (SFC) for scouting extraction conditions prior to off-line SFE. 

II.C. Diipersants, Drying Agents, and the Effect of Water 

A frequent problem encountered with SFE involves the extraction of wet (e.g., >5 wt%) 
samples. The presence of high water content can cause poor contact of the supercritical 
CO* with the sample matrix. In addition, the formation of ice that occurs when the water/ 
COz effluent is depressurized can cause plugging of the flow restrictor. Both problems 
can be solved by the addition of dispersant/drying agents, either by mixing the sample 
with the material or by placing the drying agent at the outlet end of the extraction cell. 
Burford recently characterized a variety of drying agents for their ability to retain water, 
prevent restrictor plu;:ging, and general SFE performance characteristics @n-ford et al., 
1993). Several of the drying agents were successful in preventing restrictor plugging, but 
some analyte losses were reported. For example, some drying agents (alumina and mo- 
lecular sieve 13X) selectively retained chlorophenols and chloroanilines during SFE from 
dry samples, while other agents (e.g., Hydromatrix, MgS04) allowed all of the test 
compounds to be extracted. 

An obvious approach to reducing the water content would be to dry the sample prior 
to SEE. However, oven or air drying can cause substantial losses of volatile and even semi- 
volatile organics. For example, when a petroleum waste sludge was air dried at room 
temperature for 18 hours, 50% of the n-tetradecane (b.p. = 252°C) and >99% of n-decane 
(b.p. = 194T) were lost (Burford et al., 1993). Even the addition of drying agents to such 
samples should be performed with caution since the addition of many drying agents to 
wet samples is exothermic. For example, when MgSO,, was added to the same petroleum 
waste sludge, the losses of n-tetradecane and ndecane were 30 and 50%, respectively, 
simply from the heat generated from adding the drying agent (But-ford et al., 1993). For 
this reason, Burford concluded that drying agents are best placed at the outlet end of the 
extraction vessel, rather than mixed with samples con’aining volatile components. 

As noted above in the section on sample grinding, a smaller sample particle size should 
theoretically aid in contacting the sample matrix with the extraction fluid, provided that 
bed channeling effects can be avoided. An alternative to the grinding regime is to use a 
dispersant that mixes with the sample, thereby accelerating contact with the extraction 
fluid. Such a moiety must be relatively inert and not permanently adsorb the analytes of 
interest if direct SFE is to be applied. Considerable success has been achieved with a 
pelletized diatomaceous earth called Hydromatrix (Hopper et al., 1992) which embraces 
many of the ideal properties of a dispersant: inertness, a nascent adsorption toward non- 
polar and moderately polar analytes, and residual hydrophilic@ which aids in the retention 
of modest water levels in moist samples. This medium has been used on food and biological 
samples (Hopper et al., 1995) and has also been incorporated into environmental analysis 
(Lopez-Avila er al., 1992). 
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Figure 6 SC-CO1 extraction of smoked ham sample. Effect of moisture content. 

The role of water in SFE can be twofold; that of synergist in facilitating extraction or 
as an inhibitor in sterically blocking contact between the analyte and the extraction fluid. 
It has been noted in engineering scale studies of SFE (Peker et al., 1992) that water can 
modify the morphology of the sample matrix, leading to improved mass transport of the 
extract (analyze) out of the sample. The most oft-cited case of this phenomena is the 
extraction of caffeine from coffee beans which can only be effectively accomplished with 
a moist bean matrix. The natural presence of water in a sample matrix also facilitates its 
use as an in-situ “cosolvent”, since its presence during the extraction of polar analytes 
frequently leads to enhanced recoveries (McNally, 1995). 

Large quantities of water in the sample matrix, which is frequently the case during the 
SFE of foods, natural products, and biological tissue, can inhibit SFE due to a reduction 
of contact between the fluid and analytes. Nowhere is this more prevalent than in the 
extraction of lipids from moist tissue samples. Figure 6 shows the dramatic effect of 
dehydrating the sample prior to SFE with carbon dioxide on a smoked ham sample 
containing over 70 wt% water. Quantitative recovery of total fat content (which is desired 
in toxicant residue analysis) is clearly inhibited by the presence of such a relatively lxge 
quantity of water. Gentle dehydration of the sample in an oven prior to SE rapidly 
facilitates the removal of fat, reducing both the time and mass of Co2 =qui=d for the 
extraction. 

it should also be appreciated that water has a finite solubility in the Primary extraction 
fluid used in analytical SFE, carbon dioxide. This solubility relationship as a function of 
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Figure 7 Solubility of waler in SC-CO*. 

temperature and presscre is shown graphically for experimental conditions commonly used 
in analytical WE in Figure 7. In many cases, control of the water level in the carbon dioxide 
is desirable, since itreproducible results can be obtained if water from the sample matrix 
is dissolved into the fluid. A convenient way of suppressing this effect is to add a desiccant 
to the sample matrix to adsorb the water. Alternatively, a plug of desiccant can also be 
added to the extraction cell downstream of the sample matrix, but this reduces the ability 
of the desiccant to disperse and dry the sample matrix. 

ILD. Elemental Sulfur 

A rather unique problem, rest&or plugging from elemental sulfur, exists for marry 
environmental samples, particularly sediments from marine and related environments 
where samples frequently contain 2 wt% or more of elemental sulfur. Elemental sulfur 
extracts very easily in supercritical CO2 and, in fact, SFE has been used for selective 
extraction of elemental sulfur from coal (Lottie et al., 1993). Unfortunately, elemental 
sulfur is extremely effective at Plugging flow restrictors, and also causes detector problems 
for many analytical methods (e.g., GC with electron capture detection). Fortunately, the 
addition of finely divided copper (e.g.. two grams of electrolytic grade copper for a five- 
gram sediment sample) either mixed with the sample or placed at the outlet end of the 
extraction cell will effectively retain elemental sulfur and provides a simple method to 
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eliminate restrictor plugging and the presence of elemental sulfur in the SFE extract 
(BBwadt et al., 1994a). 

III. DEFINING “QUANTITATIVE” RECOVERIES 

One of the most vexing problems for SFE (or, for that matter, any other extraction method 
used for solids and semi-solids) is determining the definition of what constitutes 100% 
extraction efficiencies. Since the true concentration of analytes can not be known for red 
(not spiked) samples, 100% recoveries must be defined based on some acceptable criteria. 
In many cases, the methods used for extraction are historical, and often have not been 
rigorously tested. For example, one of the most accepted extraction methods, Soxhlet 
extraction, has been little changed since its first use in 1879. In many cases, the goal of 
the analyst interested in SFE is to replace an existing method (e.g., to reduce solvent usage 
or to reduce extraction time), with a desire to obtain results similar to conventional 
methods, whether or not the conventional method actually yields the “true” value. There- 
fore, the discussions below are presented to stimulate thought on the part of the analyst 
new to SFE. As will be seen, the correct definition of “100% recoveries” is certainly a 
subject of debate, and the proper approach may depend heavily on the characteristics of 
the sample being extracted as well as on the goals of the analyst. 

In essence, the definition of 100% recovery has been based on one or more of three 
different approaches, i.e., the recovery of spiked analytes, comparison to standard extrac- 
tion methods (e.g., conventional organic solvent extraction), and the use of multiple 
extractions. 

I&A. Spike and Incurred Analyte Recovery Studies 

For environmental solids such as soils, sludges, and sediments, the accepted definition of 
100% recovery has traditionally been based on the recovery of known amounts of target 
analytes spiked onto an appropriate matrix. For example, the organic solvent extraction 
methods mandated by the U.S. Environmental Protection Agency are considered “quan- 
titative” if the recoveries of spiked analytes (including 2-fluorobiphenyl, 2-fluorophenol, 
2,4,Mribromophenol. and deuterated nitrobenzene, p-terphenyl, and phenol) are between 
-20 to 140% of the spiked concentrations (U.S. Environmental ProtectionAgency, 1992). 
(It is ironic that such a wide range of error is tolerated in the extraction step while much 
smaller errors are required in the measurement methods used after extraction.) Unfortu- 
nately, this approach appears to be even more inaccurate than the 20 to 120% range for 
many samples, since the extraction rate of-spiked analytes can be dramatically faSmbn 
analytes that are aged under environmental conditions. This is demonstrated in Figure 8, 
which shows the SFE recoveries versus time for PAHs (incurred in the sample) and spiked 
deuterated PAHs (added to the sample) from a petroleum waste sludge (Burford et al., 
1993a). Note that the spiked deuterated PAI-& always extract faster than their incurred 
(native) PAH counterparts. If the analyst assumes that 80% recovery of spiked analytes 
is sufficient to demonstrate quantitative extraction (note that 80% recovery is much more 
stringent than the EPA requirement), it would be concluded that -5 to 10 minutes of SFE 
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Figure 8 Comparison of SPE extraction rates of incurred (native) PAHs and spiked (deuteratcd) PAHs from 
a petroleum waste sludge. The sample was extr~ted for 30 minutes with purr CO, at 406 bar and 60°C. followed 
by an additional 30 minutes with 10 ~0176 methanol at the same pressme and temperature. The figure was adapted 
with permission from Burford et al. (1993a). 

would be sufficient. However, the results in Figure 8 demonstrate that the actual recoveries 
of incurred PAHs with a 5 to 10 minute extraction would range from ~5% for naphthalene, 
to only -25% for the higher molecular weight PAHs.‘Similar behavior has been demon- 
strated for the extraction of chlorinated dioxins, PAHs, and PCBs from a variety of 
environmental samples (Burford et al., 1993a; David et al., 1992; Langenfeld et al., 1992a; 
Alexandrou er al., 1989). which demonstrates that spike recovery studies are simply not 
a valid way to determine extraction efftciencies despite the widespread acceptance of this 
method in environmental analysis. Note that this problem is not unique to WE, since 
similar problems have been noted using methylene chloride extraction (Burford e: al., 
1993a). However, as discussed above, spike recovery studies are extremely important to 
perform to determine the collection efficiency of the SFE system. 

Naturally, confinning the efficacy of SUEZ on actually incurred analytes in a sample 
matrix is highly desirable whenever possible. ‘Ihis eliminates any ambiguity with regard 
to the location of the analytes within the “natural” matrix and takes into account migration 
of the analytes within the sample matrix as a function of time, or aging of the matrix. It 
also allows a more accurate assessment to be made of analyte recoveries relative to standard 
solvent extraction methods, or can show the superiority of SFE relative to such techniques 
or methods as documented in the literature (Hawthorne et al., 1994). An example of this 
trend is noted in Figure 9 where equivalent results were achieved on three of four different 
kinds of poultry tissues containing incurred organochlorine pesticide residues. Such residues 
were developed during feeding studies Of chicken flocks fed both spiked and unspiked 
rations. However, there is a pronounced difference in the results between the organic 
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Figure 9 Comparison of extraction methods on pouttry tissues from the same chicken. Standard deviation is 
indicated by marks on the top of each bar. Prior to he pcmteum ether extractions (PE). tiss~ samples were 
oven dried lo 4 wt% water (dried PE extracted) or by mixing with Na2S04 (FSIS) according lo Ibe Food Safety 
and Inspection Service (U.S. Department ofAgficoln&. peritoneal fat samples were rhermatlY rendered at 80°C. 
Details Of the procedures arc in Snyder et 01. (1993). 
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Table 3 % Pesticide recoveries from wheat at 0.1 ppm fortification level. 

Conditions: 345 bar, 100 I CO? (Erpandcdl 
40-r 

Run 1 Run 2 

Dimcthoate 88 87 
Methyl Parathion 89 89 
Pirimiphos Methyl 96 95 
Chlorpyrifos 97 97 
Malathion 93 95 
Dieldrin 95 91 
Methoxychlor 94 94 
CSliJOfUlall 89 97 

60°C 80°C 

Run I Run2 Run 1 Run 2 

82 101 77 84 
92 103 91 93 

101 108 99 100 
105 113 99 101 
102 109 96 97 
104 104 93 91 
85 107 97 103 
97 98 92 95 

lncuntd Residue Results @pm) 

Methyl Chlorpyrifos 0.039 0.038 0.042 0.043 0.044 0.041 

solvent extraction methods and that obtained via SFF! on liver tissue. This trend was found 
repeataide from livers taken from several chickens and seems to con.fhm the superiority 
of SFE for extracting the pesticide residues from this difficult-to-extract biological tissue. 
This is consistent with the theoretical view that diffusion of supercritical fluids into such 
sample matrices is superior to that obtainable with conventional liquid extractants. That 
SFE is capable of reproducibly extracting incurred residues is borne out by the results 
shown in Table 3. Here the detection of an incurred residue of methyl chlotpyrifos occurred 
during SFE studies on a wheat matrix spiked with eight different Pesticides. SFE consist- 
ently yielded high recoveries on this incurred residue, ‘leading further credence to SFE as 
a viable technique for trace residue analysis. 

III-B. Multiple Sequential Extractions 

An alternate approach to determining extraction efficiencies which was used in early SFE 
methods development was to compare the quantities of analyte extracted during a first time 
fraction(e.g., 30 minites) versus a second SFE of the sample conducted under the same 
conditions. For this approach to be valid, the individual molecules of a particular analyte 
must all extract at the same aPProximate rate. However, extraction profiles frequently show 
an initial fast extraction followed by a slow extraction period (discussed in more detail 
later in the text). In addition, it is common for one SFE condition to extract only a fraction 
of a target analyte in (e.g.) 30 minutes, but very little more of that analyte even after much 
longer additional extraction times if the SFE condition is left constant (Bowadt et al., 1995; 
Battle et al., 1990). This is demonstrated in Figure 10 by the extraction of a PCB congener 
from river sediment. Note that if the amount extracted at 50°C for the fust 20 minutes 
is compared to the next 20 minutes, it could easily be concluded that the extraction is fairly 
complete (i.e., there was very little extracted in the second 20-minute fraction). However, 
when a stronger extraction COnditiOn is Used (in this case, raising the temperature to 200°C 
while maintaining the pressure at 640 bar), the amount of the PCB extracted increases 
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Figure 10 Extraction of PCB 52 from a certified river sediment (NIST SRM 1649) using pure CO2 at 641 
bar at 50°C for 40 minutes foliowed by extraction at the same pressure and 2OO’C for an additional 60 minutes. 
The figure was adapted with permission fmm Bewadt er al. (1995). 

when a stronger extraction condition is used (in this case, raising the temperature to 200°C 
while maintaining the pressure at 640 bar), the amount of the PCB extracted increases 
dramatically, and 100% recovery is achieved (compared to the certified value based on 
Soxhlet extraction). 

While multiple extractions at the same condition are not generally valid to determine 
extraction efficiencies, performing extractions with SFE followed by an independent 
method (e.g., organic solvent extraction) appears to be a valid method of determining 
‘whether “100% recovery” has actually been achieved. The assumption here is that if no 
significant analyte is found in the organic solvent extract performed on the residue of tbe 
WE extract, than the SFE extraction was quantitatively efficient (Burford et al., 1993a; 
Hawthorne et al., 1993). 

II1.C. Comparison to Standard Methods 

Since the analyst’s goal frequently is to obtain extraction results that compare with 
conventional extraction methods historically used in their laboratory, the definition of 
100% recovery is logically based on comparing the WE results to the conventional method. 
For many samples, this comparison can be validly based on Soxhlet extraction, both 
because of its wide-spread use in environmental and biological material eXtractiOnS, as 
well as because it is an effective extraction method. (It should be noted, however, that 
Soxhlet extraction is not necessarily correct as evidenced by an increasing number of 
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Table 4 Variation in 7 total fat determinations (gwimetric assay) for a ground beef 
samole usina different SFE and sample prep conditions. 

Codirions: 379 bar; SOT, 45 min extraction rime 
Soivent/Sample Prep Condirions Weight o/c Far 

SC-CO,lNcat . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14.74 
15.45 
15.39 
15.36 

SC-CO+ehydrated . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15.53 
14.67 
14.92 

SC-COdAcid Hydrolyzed . ..__........_............................................ 15.84 
22.50 
17.97 
16.09 
15.48 

SC-Q-596 EtOHINeat . . . . . . . . . . _ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21.95 
SC-C O,-5%HCCi,/Neat . . . . .._........._............................................ 17.19 

SC-COTS% MeOH + 5%HCCI,/Neat . . . . . .._.............................. 20.95 
SC-CO*/Acid HydrolyzedFAME _..............._............................. 14.89 

is certainly an appropriate approach which has the additional advantage that these materials 
are available to any research group wishing to compare results with other laboratories. 
However, one caution should be used when certified reference materials are used. i.e., it 
is important to ensure that the methods used to analyze the extracts are exactly comparable 
to those used for the certification (e.g., identical standards and chromatographic conditions) 
to ensure that differences between the SFE extracts and the certified values are a result 
of exrracrion rather than analysis conditions. To eliminate this problem, we frequently 
perform Soxhlet extractions and SFE on parallel samples and analyze the extracts under 
identical conditions to ensure that differences are indeed based on differences in extraction 
efficiencies. 

Another example of the danger in comparing SFE results with those obtained by 
established methods is in the determination of fat content of foods. Again, Soxhiet-based 
techniques have been used extensively for many years employing a variety of extraction 
solvents and sample preparation methods, and not surprisingly, this has led to a multiplicity 
of values for the “true” fat content of a particular matrix. This disagreement is not so 
pronounced for matrices containing lipid moieties that have been subjected to refining, 
‘processing, or compounding of fat from purified ingredients, but serious discrepancies have 
arisen particularly in the area of biological matrices where the lipid species are so diverse 
and frequently associated with carbohydrate or protein matter. Newer methods and defi- 
nitions of fat (Fed. Regist, 1993) have eliminated much of the ambiguity today, and 
Per’mmed SFE researchers to couple SFE with the new Nutritional Labeling and Education 
Act WJW protocols for speciated fat in food products (House et al., 1994; Carpenter 
ef al.9 1993). Nonetheless, gravimetric-based SFE methods for fat determination can be 
susceptible to error just as in the above classical methodology. As shown in Table 4 for 
the Sm determination of fat content in a ground beef sample, the state of the sample 
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(hydrated vs. dehydrated), sample preparation, use of cosolvents, and method of analysis 
all impact on the final fat result obtained under identical SE conditions. Much of this 
confusion can be eliminated by using SFE in conjunction with an anaJyte specific assay 
(fatty acid methyl ester analysis), as has been shown by King and his CoJJeagues (King 
et al., 1996; Snyder et al., 1996). 

IV. SIMPLE TWO-STEP SFE MODEL 

The analyst should now (hopefully) understand how to collect extracted analytes, which 
(if any) sample pre-treatment may be needed, and which definition of 100% recovery is 
to be used. The so-called “mystery” of SFE methods development can now largely be 
removed by a simple understanding of SFE processes. A more in-depth discussion of SFE 
mechanisms is given in the Chapter by Bartle and in other references (Battle et al., 1990, 
1992; Clifford et al., 1995; Langenfeld et al., 1995; Pawliszyn, 1993; Hawthorne et aJ., 
1995). However, it is clear that additional research is needed to fully understand the SE 
process, mostly because of a lack of true understanding of the interaction of analytes with 
their matrices. Nevertheless, the simple two-step model described below does much to 
describe the factors needed for quantitative SFE. 

In order to move the target analytes from the sample matrix to the collection device 
two steps must occur, either of which (or both) can control the extraction process. First, 
the analyte must move from the active site in (or on) the sample into the extraction fluid 
(Step 1). Second, the analyte must be eluted from the extraction cell in a process analogous 
to frontal elution chromatography (Step 2). Step 1 has been termed the “desorption/kinetic” 
process (or “initial removal” process), and requires that the analyte leave its sorption site 
and be transported to the bulk extraction fluid. This process can be thought of as occurring 
once for each analyte molecule, i.e., once the molecule is removed from its initial binding 
site the extraction is controlled by Step 2. The driving force for Step 1 is the concentration 
gradient which exists between analytes in (or on) the matrix, and analytes in the bulk 
extraction fluid, as well as the ability of the SFE conditions to displace the analyte from 
the initial active sites. Therefore, the extraction of samples limited by Step 1 can be 
enhanced by increasing the rate of this initial removal process using methods which will 
be discussed for the remainder of this chapter. 

Step 2 can be termed as the “solubility/elution” process, and is controlled by the same 
factors which control chromatographic retention, i.e., compounds with high solubility wiJJ 
elute more rapidly, as will compounds with little matrix interaction (in terms of chroma- 
tographic partitioning to the matrix). Thus, while Step 1 can be viewed as irreversibJe 
(occurs once during an extraction) Step 2 can be viewed as a reversible process @naJogous 
to chromatography). Therefore, extractions limited by Step 2 can be enhanced by the same 
types of approaches that accelerate chromatographic elution as WiJJ be discussed in Sub- 
sequent sections. 

While both Step 1 and Step 2 can be important for SE of a Particular sample, One 
step or the other frequently is more important. Since Step 1 is best described as a kinetic 
process controlling the rate at which a molecule moves from its initial active site to the 
bulk extraction fluid (as described by the “‘hot-ball” model for SJE described b’ Clifford 
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et al.) (Battle et al., 1990, 1992; Clifford et al., 1995), and Step 2 is best described as 
a chromatographic process, a simple method to determine the relative importance of Step 1 
is to determine the effect of SFE flow rates on the extraction rates of target analytes 
(Hawthorne et aZ., 1995). As will be described, the results of a simple flow rate study can 
be used to categorize samples into those under Step 1 and/or Step 2 control, and can also 
provide a basis for methods development. I 

v. EFFECT OF SFE FLOW RATE AND EXTRACTION MODE 

XA. Determining Extraction Mechanism by Effect of Flow Rate 
Samples controlled by Step 1 (desorptionikinetic) are limited by the rate at which the 
analyte molecules move from the initial active sites to the bulk fluid much more than they 
are limited by solubihty or re-partitioning to matrix active sites after they are once solvated. 
Therefore, Step l-controlled samples will show little (if any) dependence on the flow rate 
used for SFE as long as the void volume of the SFE cell is swept every few minutes. In 
contrast, samples controlled by Step 2 (solubiity/elution) ate controlled by chromato- 
graphic considerations; thus, increasing the SFE flow rate will proportionally increase the 
extraction rate. 

The concept of invoking a chromatographic process to explain SFE from a packed cell 
bed is not new and has been developed by several investigators applying SFJ3 for chemical 
or food engineering purposes. For example, Lee et al. (1986) modeling the extraction of 
canola seed from a tubular extractor using chromatographic principles, while Goodrum 
et al. (1989) demonstrated the analogy between oil elution from peanut seed beds and 
frontal chromatography profiles under subcritical conditions with carbon dioxide as a 
solvent. This has been confirmed by one of the authors for elution of soybean oil from 
a packed bed of flakes in a tubular extraction vessel. Pawliszyn (1993) has used similar 
chromatographic models in modeling analytical scale SFEs. 

Since it would seem intuitive that higher flow rates would yield faster extraction rates, 
examples of samples controlled by Step 2 will be discussed first. A classic example of 
a sample controlled by Step 2 is one that has very high concentrations of analytes, and 
is, therefore, controlled by the ability of the fluid to solvate the anaiytes. An example of 
such an extraction is shown in Figure 11 by the extraction of fat from potato chips. When 
the extraction flow rate is doubled (e.g., from 0.7 to 1.4 ml/mm), the extraction rate of 
the fat is also doubled. Thus, this extraction is controlled by Step 2, and Step 1 (e.g., the 
kinetics of the solvation process) is fast. For such samples, the % recovery” versus 
“extraction time” plots are nearly linear until the approach to 100% recovery. Also, for 
such samples the volume of extraction fluid can be used to define a quantitative extraction 
condition, since the recovery is directly related to the volume used, while the rime of 
extraction is not important, as long as the sample is swept with sufficient volumes of the 
extraction fluid (which is, in essence, saying that the extraction depends directly on flow 
rate). Similar results would be expected for analytes (e.g., fat-soluble pesticides) which 
extract with the fat. This is confmned by a plot of the inverse relationship (amount of 
WW analyte remaining in the sample matrix) as shown in Figure 12. Here both chhninated 
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Figure 11 Effect of CO2 flow rate (measured at the pomp as compressed CO*) on the extraction of fat from 
potato chips at 345 bar and 60°C. The figure was adapted with permission from Hawthorne er al. (1995). 
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Figure 12 Rate of pesticide removal during fat extraction. 
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pesticides, TDE and lindane, follow a similar locus as the extraction of fat, approaching 
an asymptotic limit as the SFB continues. 

In contrast to the fat extraction, the extraction of many samples is controlled more by 
Step 1 than Step 2. Since the major factor limiting such extractions is the initial removal 
of the analyte from the matrix into the extraction fluid, and is not the subsequent chro- 
matographic elution, such extractions will show little dependence on SFB flow rate. As 
shown in Figure 13 by the extraction of m- and p-xylene from polystyrene beads, virtually 
no change in extraction rate is observed when the flow rate is increased from 0.7 to 1.25 
ml/mm. This would be expected since the rate-limiting step for this extraction is the 
diffusion of the analyte from the interior to the surface .of the beads (a Step 1 process 
described by the “hot-ball” model) (Battle et al., 1990), and not the solubility/elution 
process. Similarly, the extraction of limonene from lemon peel (Figure 13) shows no 
dependence on flow rate, again demonstrating that the kinetics of the Step 1 process are 
slow compared to chromatographic retention or solubihty problems that would cause Step 
2 to predominate. 

It is extremely important to note that the controlkng step may be different for the same 
analytes extracted from different matrices. For example, Figure 14 shows the extraction 
of the PAHs, benzo[b]- and benzo[k]fluoranthene from a highly contaminated soil and a 
low-level contaminated soil. For the highly-contaminated soil, the PAH extractions showed 
a strong dependence on flow rate (Step 2 controlled), at least until higher flow rates were 
reached. In contrast, when the same PAHs were extracted from the low-level contaminated 
soil, there was no significant dependence on the CO2 flow rate (Step 1 controlled). 

V.B. Effect of Sample Size 

The same considerations for determining the importance of Step 1 and Step 2 for a 
particular sample using flow rate apply to sample size. That is, the % recovery versus time 
plots for samples that are controlled by Step 2 (dependent on flow rate) will show slower 
extractions if the sample size is increased (with no change in flow rate). Similarly, samples 
controlled by Step 1 will show the same extraction rate, regardless of sample size (as long 
as the flow rate is sufficient to sweep the sample void volume every few minutes). This 
is demonstrated in Figure 15 by the PAH extractions for the same highly-contaminated 
and low-level contaminated soils. The highly-contaminated sample (controlled by Step 2) 
shows a marked reduction in extraction rate (in terms of % recovery versus time) which 
would be expected since this extraction is controlled by the solubility/elution step. (Note 
that the mass of PAHs extracted per unit time was similar, regardless of the sample size, 
but the 56 recovery versus time was much lower for the larger sample.) 

In contrast, the extraction of the low-level contaminated soil (controlled by Step 1) 
showed no significant difference in extraction rate (% recovery versus time). This behavior 
would be expected since the extraction of this sample is controlled by the rate of the 
desorptionkinetic step. (Note that the mass of PAHs extracted per minute from the OS- 
gram sample would be -eight times less than from the Cgram sample, since the % recovery 
versus time plots are similar.) 
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Figure 13 Effect of CO2 flow rate on the extraction of m- and p-xyicnc from polyslyrene beads at 405 bar 
and 4S’C (top) and on the extraction of limonene from fEsh lemon peeI at 405 bar and 50°C (bottom). The 
figure was adapted with permission from Hawthorne et of. (1995). 
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Figure 14 Effect of CO: flow rate on the extraction of bcnzo[b]- and bcnzo[klfluomnthene from a highly 
contaminated soil and from a lower-contaminated soil. Extmctions were performed with purr CO2 at 405 bar 
and 60°C as described in Hawthorne cr al. (I 995). 
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Figure 15 Effect of sample size on the extraction of hnxo[b]- and benzo/k]fluorantkne from a highly 
contaminated soil and from a lower-contaminated soil. Both Mmplu were extracted with pure co2 at 405 bar 
and 60°C at a constant flow rate of 0.6 to 0.7 m/minute of compressed CO, as described in Hawthorne CI al. 
(1995). 
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Figure 16 Effect of static versus dynamic SFE on the extmction of motor oil hum soil using pure CO2 at 405 
bar and 70°C. The static step was for ISminutes followed by 45 minutes of dynamic extraction at 0.8 ml/minute. 
The dynamic cxtmction was performed with constant flow at 0.8 ml/minute. The figure was adapted with 
permission from Hawthome et 01. (1995). 

versus time plots are similar.) 

V.C. Static versus Dynamic SF93 

The effect of flow rate on the extraction rate studies just described also relate to tbe relative 
abilities of static and dynamic SFE to yield effective recoveries. For samples controlled 
by Step 1, a static SFE step will be nearly as effective as a dynamic step, since the rate- 
controlling process is the initial desorption/kinetic step. (This is, of course, assuming that 
a sufficient dynamic step is used after the static step to sweep the extracted analytes from 
the sample.) For example, the soil contam.inated with lower levels of PAHs discussed above 
shows identical recoveries using 30 minutes of dynamic extraction or 15 minutes of static 
followed by 15 minutes of dynamic extraction (Hawthorne et al., 1995). In contrast, 
samples controlled by Step 2 will not be effectively extracted by a static step because the 
solubility/elution step depends on the volume of CO2 passing through the sample. This 
is demonstrated in Figure 16 by a comparison of the extraction rate of a soil contaminated 
with a large amount (-29 mg/g) of used motor oil. Since this sample is controlled by the 
Step 2 soiubility/elution step, the use of a 15-minute static step before dynamic SFE is 
not effective, and simply delays the recovery of the motor oil by -15 minutes as shown 
in Figure 16. Similar considerations apply to the use of modifiers added to the sample 
versus mixed with Be extraction fluid as discussed below. 
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usually affected by injecting the co-solvent into the extraction cell or, in one of the authors’ 
laboratories, by inserting a saturated plug of glass wool ahead of the sample in the 
extraction cell. The static hold step with the addition of a co-solvent facilitates the mass 
transport of the co-solvent into the sample matrix allowing the co-solvent to solvate or 
displace the analyte from the sample before initiating a dynamic sweep of the cell. This 
has been used to good effect by Langenfeld et al. (1994), Hawthorne (1993a) and Yang 
et al. (1995), and by France et al. (199 1) when coupling SFE with immunoassay detection. 

V.D. Implications of the FIow Rate Experiment for Methods Development 

The simple flow rate experiment described above can be used to support methods devel- 
opment when initial SFE conditions fail to give adequate recoveries. Some general com- 
ments on developing SFJZ methods based on whether a sample extraction is primarily 
limited by the desorptionkinetic step or the solubility/elution step are given below 
(Hawthorne et al., 1995): 

Step 2-controlled samples 

Samples where extraction rates are controlled primarily by the solubility/elution step tend 
to have high concentrations of analytes that are only weakly associated with the sample 
matrix. The following statements apply to such samples: 

1. 

2. 

3. 

4. 

5. 

Faster flow rates will yield higher extraction rates. Therefore, flow rates should be 
increased if experimentally convenient. It is especially important to determine if higher 
flow rates still yield good collection effkiencies, since too high of a CO2 flow rate 
will lower collection efficiencies because of the large volumes of expanding gaseous 
COz. Increasing extraction time using the same flow rate will also be effective. 
For such samples, the extraction effkiency depends on the total volume of extraction 
fluid used (rather than the time used for extraction). Therefore, methods can be defined 
based on using a certain volume of extraction fluid for each sample. 
Smaller samples will extract more rapidly than larger samples (assuming the same flow 
rate). 
Static extraction steps will be much less effective than the same time used for dynamic 
extraction. 
Efforts should be made to increase analyte solubility by increasing pressure, increasing 
or decreasing temperature (note that higher temperatures at a constant pressure can 
either increase or decrease solubilities, depending on the analyte vapor pressure (Bartle 
et al., 1991; Miller et al., 1995). by changing the extraction fluid, or adding an organic 
modifier which is chosen to increase analyte solubility and/or decrease the equilibrium 
adsorption to matrix active sites. 

Step I -controlled samples 

Samples where the extraction rate is controlled primarily by the rate of the initial desorption/ 
kinetic step tend to have lower concentrations of analytes, with a higher proportion of the 
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analytes experiencing strong analyte/matrix interactions. For such samples the following 
statements apply: 

1. SFE flow rate has little or no effect on the extraction rate as long as the void volume 
of the sample is sufftciently swept during the extraction. Increasing extraction time 
beyond 30 to 60 minutes becomes increasingly less effective for such samples because 
the extraction rate tends to drop during the extraction. 

2. For such samples, the extraction efficiency depends primarily on the total time used 
for the extraction (rather than the volume of fluid used for extraction). Therefore, 
methods cannot be adequately defined based on the total volume of fluid used, but 
must be based on the time used for extraction. 

3. Sample size has little or no effect on extraction rate (as long as the void volume is 
sufficiently swept during the extraction). 

4. Static extraction steps are often as effective as dynamic extraction performed for the 
same period of time, as long as the subsequent dynamic extraction step is sufficient 
to sweep the sample void volume. 

5. Improving extraction efficiencies should be based on considering matrix/analyte in- 
teractions more than analyte solubility. Effective approaches for samples limited by 
the desorptionlkinetic process include grinding the sample (for samples such as polymers 
where the analytes ate limited by diffusion through the sample matrix), adding a 
modifier to disrupt analyWrnatrix interactions (rather than to increase analyte solu- 
bility), and increasing extraction temperature to increase the rate of the desorption/ 
kinetic process. 

VI. FLUID CHOICE AND MODIFIERS 

vu. PlmFlllids 
The characteristics of different fluids used for SIX of environmental samples have recently 
been reviewed (Bflwadt et al., 1995). and will only briefly be summarized here. For 
practical reasons of low cost, reasonable critical parameters (T, = 32T, P, = 74 bar), low 
toxicity, and ease of removal from the extract, CO* has been used for nearly all applications 
of WE. The major drawback of COz is its lack of polarity. In a few cases (e.g., the 
extraction of chlorinated dioxins from fly ash (Onuska et al., 1991; Alexandrou et ul., 
1992)). N20 has been more successful at displacing analytes from matrix active sites and 
yielded higher recoveries than COz. Unfortunately, NZO can cause violent explosions with 
samples having significant oxidizable material, and its use should be avoided (Raynie, 
1993). Some Freons, especially CHC& have shown excellent extraction efficiencies when 
COz fails to yield high recoveries (Hawthorne et al., 1992a). Unfortunately, the use of 
halogenated fluids is objectionable because of their environmental impact. 

09: practical aspect of choosing a fluid to use for SFE is its purity level. Early studies 
in SFE showed that even for the most popular extraction fluid, COZ. that available 
amWical-grade gases were deficient. The high purity requirements for analytical SFE 
or@nate from several sources. A key factor is that impurities in the extraction fluid are 
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Figure 17 Capillary GUECD chromatograms of various carbon dioxide gas grades: (a) SFE-SFC, (b) food, 
(c) welding, and (d) SFC. 

concentrated in the collection vessel. Although gases have not been traditionally thought 
Of as extraction solvents until the advent of analytical SFE, these concentrated impurities 
Can present problems if they are contained in extracts being analyzed by the normal array 
of dyti~al detection schemes. For example, if one is concerned with electron capture 
detection of pesticides, then the extraction fluid must contribute minimal impurities to the 
final extract or these could interfere in the final gas chromatographic analysis. This is nicely 
illustrated in Figure 17 where the GUJXD profiles have been run on equal amounts of 
a pure fluid extract (no sample) using the grades of carbon dioxide specified. Clearly, SE- 
SFC and food grade carbon dioxide are superior to the welding grade and SFC-grade fluids 

with respect to using electron capture detection. This of course can change depending on 
the terminal analfical detection method that is employed (fluorescent, ultraviolet, etc.). 
Today, highly purified CO2 is available at a premium price. Alternatively, home-made 
cleanup traps can be fashioned for use with more contaminated fluid sources which Will 
reduce impurities to suitable levels for ultra trace analysis. These have consisted of 
activated ahnninum oxide or mixtures of this sot-bent with activated carbon or molecular 
sieve (Lopez-Avila et al., 1992). Unfortunately this requires the analyst to change traps 
at regular intervals to avoid contaxninant breakthrough due to the sorbent becoming 
saturated with impurities. 

Although CO:! is by far the most commonly used extraction fluid for the reasons noted 
above, there are several other candidates that have utility also, or niche aPPhcations* Of 
particular note are the fluorocarbons (those not banned by envuonmental considerations)~ 
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SF6, and fluoroform. Levy et al. (1989) has shown that SF6 under appropriate conditions 
can selectively extract alkanes with respect to aromatic hydrocarbons. Similarly, the 
hydrogen bonding propensity of fluoroform (HCFs) allows differential extractions to be 
accomplished on polar analytes, such as opium aIka.loids. Stahl et al. (1980) demonstrated 
that the alkaloid, thebaine, is preferentially solubilized over codeine and morphine by 
fluoroform. Fluoroform also has a low propensity for fat (Stahl et al., 1988) which makes 
it attractive for extracting analytes from lipid-rich matrices. This property has been ex- 
ploited by Taylor and King (1994b) to selectively extract pesticides from poultry fat as 
shown in Figure 18, thereby avoiding traditional time-consuming cleanup techniques. More 
recently Taylor and coworkers (Ash&-Khorasanni et al., 1996) have used the selective 
extraction properties fluoroform to extract drug moieties devoid of extraneous lipid 
coextractives. 

In recent years, helium has been introduced into cylinders of compressed fluids such 
as CO2 in order to allow pumping of the fluid in the liquid state, to avoid the installation 
of a cooling bath to liquefy the fluid at the pump head. This, unfortunately, affects the 
solubility of analytes in SC-CO* due to the dissolution of a small quantity of helium in 
the liquefied CO2 (King et al., 1995). Therefore, SFE results can be affected by this factor, 
particularly if the extraction time or quantity of fluid used is not in generous excess. An 
example of this effect is shown in Figure 19 for the solubility of a model fatty substance, 
soybean oil, in SC-CO2 as a function of pressure. Note that the presence of helium in the 
feed cylinder reduces the oil solubility in SC-CO2 by over 50% at 5000 psi and approxi- 
mately 30% at 689 bar, relative to either gaseous or liquid CO2 feeds. This can have a 
significant effect on the design of extraction conditions for the extraction of fatty sub- 
stances from foods and biological tissue. 

It must he noted that the two authors have different (and contrary) experimental evidence 
on the effects of using CO* with helium head pressure on SFE results. In contrast to the 
effects of added helium on soybean oil as just discussed, determinations of cholesterol 
solubility performed with and without helium present in the CO* gave the same values. 
In addition, the extraction rate of cholesterol from egg powder was the same whether or 
not CO* with helium headspace or pure CO* was used (Hawthorne et al., unpublished 
results). It should be further noted that all extractions of environmental samples presented 
in this chapter are based on experiments using CO2 with helium headspace. 

VLB. Modifiers 

Since CO2 is relatively non-polar, it has a limited ability to dissolve polar analytes. The 
number of organic compounds (and range of temperature and pressure conditions) for 
which solubility data is available in the literature is quite small, however, a survey of the 
solubilities available in a recent review (France et al., 1991) demonstrates that solubility 
in CO* is higher for organics with lower polarities and lower molecular weights than for 
more polar and larger compounds. As a general rule, organic compounds that can be 
analyzed by conventional gas chromatography will have sufficient solubility in CO2 to 
be extracted, as long as matrix/analyte interactions are not too strong to inhibit the 
extraction process (i.e., the desorption/kinetic step is too slow). In addition, organics that 
are quite non-polar but have too high of molecular weights to be considered “GC-able” 
(e-g., fat triglycerides), can also have high solubilities in pure CO*. 
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Figure 18 GCYECD chromatogram of incurred pesticides extracted from chicken fat using fluorofonn. 
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Figure 19 EFfect of fluid source on oil solubility as a function of extraction pressure. 
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There are two general reasons to add a modifier to CO* in an effort to increase extraction 
efficiencies when extraction with pure CO* is not effkient. First, modifiers can be added 
when the solubilities of target analytes are not suffkient to yield reasonable extraction 
rates, i.e., to increase the extraction rate of samples that are controlled by the solubihty/ 
elution process (Step 2). Second, modifiers can be added to interact with the sample matrix 
in order to enhance the rate of the kineticldesorption process (Step 1). The selection of 
modifier, its concentration, and the most effective method for adding the modifier to the 
extraction system can be guided by a knowledge of whether the need is to increase 
solubility of the analyte in the bulk fluid (samples controlled by the solubiity/elution step) 
or by a need to increase the rate of the kinetic/desorption step. 

Regardless of the reason for choosing a modifier, it is important to determine whether 
the presence of a modifier causes poorer collection effkiencies (as discussed above), 
especially for sorbent trapping systems. When possible, modifiers should be selected which 
do not interfere with subsequent analytical steps (e.g., toluene is a poor modifier choice 
if W spectroscopy will be used to determine the analytes). The analyst also needs to 
recognize that the critical temperature of modified CO2 will be higher than pure CO*; 
therefore, the extraction temperature should he increased to maintain a single phase in the 
extraction cell. With typical modifier concentrations (e.g., 10 vol% or lower), this can 
normally be achieved by raising the extraction temperature to 70°C. 

VI.Bl. Adding modifiers to increase solubility 

For extractions limited by the solubihty/elution step, the concentration of modifier is 
typically 5-10 mol% or even greater (~01% is similar to mol% depending on the molecular 
weight of the modifier compared to that of CO& since the need is to increase the solvent 
strength of the extraction fluid. Based on solvatochromic probes, lower concentrations of 
modifiers (e.g., 1%) do not change the bulk polarity of CO2 and, therefore, do not 
substantially affect the solubility of polar and higher molecular weight analytes @eye et 
al., 1990). Therefore, higher concentrations should be used for samples limited by Step 
2. Similarly, the constant addition of modifier (e.g., using a dual pump system) should 
be used so that the solubility enhancement continues throughout the extraction. Selection 
of modifiers may not be straightforward, since little data exists in the literature for the 
solubility of organics in mixed supercritical fluids. Valuable information can be gamed 
by surveying the SFC literature for modifiers used with similar analytes. In the absence 
of relevant literature results, a reasonable starting point is to use a modifier that itself is 
a good solvent for the target analyte. 

As discussed above, modifiers or cosolvents serve two primary purposes in analytical 
SFE: (1) to increase the analyte solubility in the supercritical fluid, and (2) to overcome 
matrix interactions that impede SFE. An example that encompasses both these observations 
is the extraction of relatively polar aflatoxins from a corn matrix. Aflatoxin Bl and its 
metabolite Ml are only sparingly soluble in SC-CO1, even at pressures as high as 689 
bar, due to their high solubility parameters. Extraction of afiatoxin B 1 from a corn matrix 
is further aided by the addition of cosolvents or binary cosolvent mixtures (Taylor et al., 
1996). as will be described in a future section. Although the lipid moiety, cholesterol, is 
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Table 5 Effect of cosolvents or additives on solubility of solutes in sC-COz. 

Solute CosolvcntLAdditive 

Acridine 3.5% Methanol 
2-Aminohcnzoic Acid 3.5% Methanol 
Cholesterol 9.0% Methanol 
Hydroquinone 2% Tributyl Phosphate 
Hydroquinone 0.65% AOT*. 6% Octanol 
Tryptophan 0.53% AOT*, 5% Octanol 

*water to surfactant ratio = 10. 

Enhoncemcnt i=ocmr 

2.3 
7.2 
loo 

Greater than 300 
Greater than 200 
Greater than 100 

soluble in SC-CO2 to some extent, the results in Table 5 show that its solubility enhance- 
ment is significantly improved by the addition of methanol to SC-COI. Similarly, other 

solutes can have their solubilities altered by cosolvents or via the addition of specific agents 
called additives to the supercritical fluid phase, including surfactants, as shown in Table 
5 (Johnston, 1989). We have also found methanol, essential as a cosolvent for the removal 
of cholesterol from extraction cells containing selective sorbents while practicing the 
technique of “inverse” SFE. 

VI.B2. Adding modifiers to enhance analyte removal from the matrix 

When extractions are controlled by the kinetic/desorption step (Step 1). the primary goal 
of adding a modifier shifts from increasing analyte solubility to an attempt to interact with 
matrix active sites to enhance the rate of the analyte removal from its binding sites, 
although a modifier can obviously enhance both Step 1 and Step 2. This situation frequently 
occurs when the target analytes are reasonably soluble in supercritical CO* (e.g., “GC- 
ables” as discussed above), but are too tightly associated with the matrix to allow efficient 
extractions (please refer to the discussion on Step l-contdled samples in Section V.D., 
above). For such samples, the use of 1% vs. 10% added modifier has been reported to 
yield similar increases in recoveries, since the major goal of the modifier is to interact 
with matrix active sites rather than to increase the polarity in the bulk CO2 (Langenfeld 
et al., 1994). There appears to be no advantage in extraction efficiencies for 1% over 10% 
added modifier (Langenfeld et al., 1994). which indicates that methods development can 
be simplified by simply using 10% concentrations. However, if the modifier interferes with 
subsequent collection or analysis steps, it may be useful to add modifier at the 1% level 
for samples controlled by Step 1. 

Selection of modifiers for samples controlled by the kinetic/desorption step would be 
best made on the basis of expected interactions between the target anaiytes and sample 
matrix. However, since the nature of such interactions is not known for many samples of 
interest, it is difficult to select the best modifier without some initial experimentation. Such 
a modifier survey is quite laborious for dynamic SFE (i.e., constant addition of modified 
CO* to the extraction cell), since it involves changing pump solutions or Purchasing 
different premixed cylinders for each modifier and concentration tested. Fortunately, a 
much simpler and faster static/dynamic method can be used to survey the effect of several 
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Table 6 Effect of modifiers on the recovery of essential oil components from savory. 

Anolyte 96 Recovery: 30 mh SFE versus 4 Hours of HydmdistiliotiorP 

Pure coz co/lu?xanc C02/occtone CO#ZH,Cl, 

a-pinene 7 38 68 105 

p-cymene 42 41 73 114 

yterpinene 44 41 90 108 

carvacrol 63 57 105 119 

‘SFE extractions were performed by direct addition of the modifier to the savory sample followed by 15 minutes 
of extraction in the static mode. then 15 minutes in the dynamic mode as describe-d in Hawthorne et 01. (1993a). 

modifiers and conditions. The modifier is simply added directly to the sample prior to a 
static SFE step (e.g., 15 minutes). After the static step is completed, the extracted analytes 
are recovered from the sample with a dynamic SFE step with pure CO,. For example, the 
extraction of essential oils from savory (monoterpenes, sesquiterpenes, and oxygenated 
monoterpenes) is not efficient with pure CO2 at 400 atm and 70°C (Hawthorne et al., 
199Sa), even though the target compounds are generally very soluble at this condition. 
Savory was then extracted (15 minutes static followed by 15 minutes dynamic) with the 
addition of 10 ~01% of three test modifiers, hexane, acetone, and methylene chloride. As 
shown in Table 6, the extraction efftciency with hexane modifier was still poor (compared 
to 4 hours of hydrodistillation), while the extraction with acetone as modifier yielded fairly 
good recoveries compared to hydrodistillation. However, methylene chloride as modifier 
yielded the best recoveries of all of the modifiers tested (Table 6). 

For environmental samples controlled by Step 1, it has been suggested that the best 
approach is to determine the relative performance of modifiers with different polarity 
characteristics (Langenfeld et al., 1994; Yang et al., 1995). e.g., testing a modifier with 
acid (e.g., methanol), base (e.g., diethylamine), and aromatic character (e.g., toluene). 
While methanol has been the most frequently-used modifier for environmental samples, 
modifiers with different polarities are frequently more effective. For example, Yang er al. 
recently compared the extraction efficiencies obtained using methanol, toluene, and di- 
ethylamine modifiers for PAHs from marine sediment, diesel soot, and air particulate 
matter. All extractions were performed using direct addition of the modifier to the sample 
( 15 minutes static followed by 15 minutes dynamic as described above). The enhancement 
in extraction efficiencies compared to efficiencies achieved with pure CO2 were generally 
poor for all samples using methanol modifier, toluene was effective only for the air 
particulate sample, and diethylamine was effective for all three sample matrices (Yang 
et al., 1995). 

It is important to note that the simple static/dynamic approach with the modifier added 
directly to the sample is very often sufficient for routine quantitative extractions, in addition 
to being an excellent way to survey different modifiers and concentrations. This will be 
true for samples controlled primarily by the kinetic/desorption step (Step 1). as was 
demomated by the results discussed above for the extraction of essential oils from savory 
and the extraction of PAHs. However, if the solubility/elution step also limits the extraction 
(Step-2 controlled), adding the modifier directly to the sample using the static/dynamic 
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procedure will not yield effective extractions since the modifier needs to be supplied 
throughout the extraction in order to enhance the solubility/elution step. As a practical 
matter, an analyst extracting samples controlled by Step 1 does not require dual pumping 
systems (or premixed fluids) to use modifiers, while an analyst extracting samples con- 
trolled by Step 2 will require dual pumps (or premixed fluids) if modifiers are needed. 

VII. EFFECT OF TEMPERATURE, PRESSURE, AND DENSITY 

One of the most frequent errors in developing SFB methods is making the assumption that 
CO2 density alone controls the solvent strength (and, therefore, analyte solubilhy). ~1s 
misperception may be based on the popularity of the correlation proposed by Giddings 
which relates increased CO;z density with a higher Hildebrand solubiity parameter (i.e., 
stronger solvent strength) (Giddings et al., 1969). While this correlation is highly useful 
in providing an understanding of SFB solubilities, it is unfortunately true that many 
analysts ignore the fact that the correlation is only useful for looking at the effect of 
pressure on solubilities at constant temperature, and the application of Gidding’s corre- 
lation at constant pressure (by changing density based on temperature changes) is not valid. 
Because solubility of a particular aklyte depends on molecular interactions with the 
solvent (i.e., solubility is almost always enhanced by higher CO* density) and by vapor 
pressure effects (i.e., solubility is enhanced by higher temperature if the analyte has any 
significant vapor pressure), both density and temperature can be used to enhance extraction 
processes. Therefore, the following sections will discuss general effects of temperature and 
pressure (which, of course control density) on analyte solubiiity and extraction behavior. 

Note also that, since pressure and temperature define CO2 density, extraction conditions 
are correctly described by stating either temperature and pressure, temperature and density, 
or density and pressure. However, since SFE instruments measure pressure and tempera- 
ture (instruments reporting density calculate values based on temperature and pressure 
measurements), it seems most logical to define SFE methods based on temperature and 
pressure. In addition, since every SUEZ system is limited by upper pressure and temperature 
ranges, the following discussion will be based on pressure and temperature. 

VILA. Effect of Pressure and Temperature on Solubility 

The concept of “threshold pressure” with respect to supercritical fluids, has it origins in 
the early studies of “dense gas chromatography” (Giddings et al., 1969), the historical 
forerunner to SFC. This is defined as the pressure (at a specific temperature) at which the 
analyte can first be solubilized and detected in the extraction fluid. Therefore, it is 
dependent on the detection method employed for estimating solubiiization and, thus, can 
vary over magnitudes of concentration (McHugh et al., 1994) depending on whether the 
detection technique is an element specific GC detector, a TLC spot test, or a gravimeu’ic 
balance. It will also be dependent on the sample matrix to some extent, hence all of these 
factors should be specified when quoting a “threshold pressure”. Despite these reserva- 
tions, the threshold pressure is a useful concept since it allows the analyst to know what 
approximate mhiI’nUm pressure conditions are required for extracting his analyte from a 
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Table 7 Effect of pressure on DDTlfat extraction. 

Pmssure 

95.2 bar 
204 bar 
2% bar 

For field (g) 

0 
2.57 

13.85 

DDT Cont. (ppm) 

13.7 
585 

12.9 

?b DDT Recovep 

0 
75.20 

8.93 

Conditions: 20 g of 100 ppm spiked lard, temp. = 60°C. CO*. flow rate = 4.0 standard liters gas per min. 

given sample. Knowledge of this pressure can allow some degree of fractionation to be 
achieved on samples containing multiple analytes or prevent the SFE of unwanted 
coextractives from the sample matrix. An example of the latter effect is shown is Table 7 
for the WE of the pesticide, DDT, from fat. Note that a pressure of over 200 bar is required 
to extract an appreciable quantity of pesticide, while exceeding this pressure (300 bar), 
dilutes the extract with unwanted fat moieties. Threshold pressures tend to have a weak 
dependence on temperature and molecular weight. King (King, 1989) has offered a theo- 
retical scheme for predicting threshold pressures for WE and SFC. 

As predicted by the correlation of Giddings et al. (1969). increasing pressure at constant 
temperature (i.e., increasing density at constant temperature) increases the solvent strength 
of C02, and, therefore, increases the solubility of virtually all analytes of interest in SFE. 
However, it must be remembered that solubility can be enhanced both by increasing CO2 
density and by increasing temperature. At constant pressure, increasing temperature will 
decrease the density. Therefore, solutes with no significant vapor pressure will show 
decreased solubility by raising the temperature at constant pressure because of the reduc- 
tion in CO2 density. However, solutes with any significant vapor pressure will show higher 
solubihties with increasing temperature, despite the decrease in CO2 density that occurs 
at constant pressure. 

These effects are illustrated by the generalized solubility curves in Figure 20 showing 
the effect of increasing temperature (which, of course, means decreasing CO1 density) on 
solubility. Assuming constant pressure, curve “‘A” would be expected for solutes having 
significant vapor pressures, i.e., increasing temperature immediately increases solubility 
despite the concurrent decrease in CO* density. Despite limited solubihty data in the 
literature, this case appears to be generally true for ‘YE-able” compounds. Curve “B” 
represents compounds with quite low vapor pressures, where the initial decrease in COz 
density caused by increasing temperature causes lower solubilities. However, as the tem- 
perature continues to rise, the vapor Pressure effect becomes significant and solubility 
increases despite the decrease in co2 density. For compounds with virtually no vapor 
pressure at any temperature, the solubihty curve may be represented by the left side of 
curve “B”, i.e., the decrease in CO2 density that occurs with increasing temperature causes 
decreasing solubility over all reasonable temperature and pmssut-es. 

Curves “A” and “B” in Figure 20 can also be Used to represent the solubility of a single 
compound at two different pressures (the pressure for curve A being higher than the 
pressure for curve B). Thus, at lower pressures the initial increase in temperature causes 
a decrease in solubility because the co2 density is lowered too much. However, at the 
same pressure but a higher pressure (curve A), the CO2 density is suffkient to allow the 
enhancement from the increased solute vapor pressure to be realized. 
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Figure 20 Generalized curves showing possible effects of temperature and density on solubilitics in CO>. Refer 
to the text for discussion of curves A and B. 

Evaluating the effect of temperature on solubihty is hampered by the general lack of 
solubility data at temperatures above 80°C. However, recent studies have extended the 
range of solubility data for several organics up to 250°C (Miller et al., 1995, 1996). Figure 
21 shows typical results obtained for organic solutes which show behavior like curve “A” 
in Figure 20, i.e., have enough vapor pressure to be “GC-able”. As shown by the solubility 
data for benzo[ghi]perylene in Figure 21, the solubility is increased much more by raising 
the temperature 40 to 15O’C (the upper limit of commercial SFE instruments) than by 
raising the pressure (at 40°C) from 108 to 450 atm, despite the decrease in CO2 density 
which occurs with the temperature increases. It is interesting to note that even a fairly non- 
volatile compound like benzo~hi]perylene (melting point = 278°C. boiling point = 500°C) 
shows such a large enhancement in solubility by simply increasing the temperature from 
40 to 150°C. Recent solubility studies on organic solutes including several polycyclic 
aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), and pesticides at tem- 
peratures as high as 250°C have demonstrated very high increases in solubilities at 
pressures normally used for SFE (e.g., 150 to 400 atm) (Miller et al., 1996, 199h). It 
must be noted that the use of higher temperatures may lead to thermal degradation of some 
analytes. An additional limitation is that most commercial instruments are limited to 150% 
However, as shown in Figure 21, 15fY’C is sufficiently high to yield very large increases 
in solubilities. 

. 

Tripalmitin is used in Figure 21 to demonstrate the effect of temperature and pressure 
on the solubility of a compound showing behavior similar to curve “B” in Figure 20. At 
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Fire 21 Effects of tempctaure and pressure on the soiubilities of the PAH beruo[g/ujperylene and the 
triglyceride tripalmitin in supcrxitical COz. Results are adapted From Miller ef al. (1995, 1996). 

However, as shown in Figure 21, 150°C is suffkiently high to yield very large increases 
in solubilities. 

Tripalmitin is used in Figure 21 to demonstrate the effect of temperature and pressure 
on the solubility of a compound showing behavior similar to curve “B” in Figure 20. At 
lower pressures (e.g., 193 bar), the solubility of tripalmitin drops when the temperature 
is raised from 40 to 100°C because the CO2 density at 100°C is simply not sufficient to 
allow significant solvation. However, as the pressure is increased from 198 to 248 bar, 
the CO* density increases enough that the effect of temperature begins to result in higher 
tripalmitin solubilities. As the pressure is further increased to 297 bar, the solubility of 
tripahnitin is considerably higher at 100°C than at 40°C. despite the fact that the CO* 
density decreases from C.92 &ml to 0.66 g/ml at 40 and lOO”C, respectively. 

Practical eflect of pressure and temperature on SFE recoveries 

For samples controlled by the solubihty/elution step (Step 2) raising the extraction pressure 
(at a given temperature) will generdY increase extraction efficiencies since the solubility 
of the analyte will increasa (although Pressures above -400 bar generally have little effect). 
Similarly, if raising the extraction temperature increases analyte solubility (as discussed 
above), raising temperature will be effective for increasing the extraction rate for samples 
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Figure 22 Solubility of soybean oil triglycerides in SC-CO2 as a function of temperature and pressure 

The solubility trend with temperature for the model triglyceride, tripalmitin, has a 
considerable effect on the extraction of fatty materials from food and other related by SFE. 
Figure 22 shows the inverse temperature dependence for soybean oil triglycerides as a 
function of pressure during SC-CO2 extraction. Again, at lower pressures we see that an 
increase in temperature reduces the solubility of the oil in the fluid phase. However, at 
higher pressures, oil solubility is dramatically increased with a rise in temperature, sug- 
gesting that the optimum conditions for rapid determination of fat or oil in a matrix are 
at 689-827 bar and temperatures in the range of 80-100°C (King, 1993). This effect can 
be rationalized by reaiizing that the relative respective cohesive energy densities of the 
ar=lYte (solute) in the SC-CO* (solvent), and their change with temperature are what 
governs solubility enhancement. For example, the change in the solubility parameter (the 
square root of the cohesive energy density) is less for a triglyceride, such as tristearin, 
than for SC-C&, as a function of temperature. Although the solubiiity parameter of both 
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solute and solvent in this case decrease with temperature, they are closer in numerical value 
at the higher, rather then the lower temperature. Hence, greater solubility of the solute in 
the solvent is to be anticipated at the higher temperature since their solubility parameters 
are closer. Similar results have been reported by King et al. (1993) for the extraction of 
multi-pesticide residue species from a grain matrix. Here, extraction at 345 bar and 60°C 
gave the best overall average recoveries for eight individual pesticides as opposed to WE 
at 172 bar and 60°C. 

For samples that are controlled by the kinetic/desorption step (Step 1). raising the 
extraction pressure is often not effective since the extraction is not limited primarily by 
analyte solubility, although it should also be noted that raising pressure can still be tried 
since it is highly unlikely that any reduction in extraction rates will occur. For such samples, 
the rate of extraction is often enhanced by raising the extraction temperature (Hawthorne 
et al., 1994; Langenfeld et al., 1993, 1995; Robertson et al., 1994). Unfortunately, it is 
difficult to demonstrate whether the increased extraction rates obtained by raising the 
temperature are a result of increased solubiity (i.e., for “GC-able” solutes), or are a result 
of an increased rate of the kinetic/desorption step. However, since raising temperature 
increases the rates of many chemical reactions, it seems reasonable that the enhancement 
often seen by increasing extraction temperature is a result of faster desorption kinetics 
during Step 1, as been proposed by Pawliszyn et al. (Langenfeld et al, 1995; Pawliszyn, 
1993). In any case, increasing temperature has been found to be very effective strategy 
for increasing extraction efficiencies for “CC-able” analytes that are tightly bound to the 
sample matrix. 

Recent reports have demonstrated the ability of elevated temperatures to yield higher 
extraction efficiencies, particularly for environmental pollutants (Hawthorne et al., 1994; 
Langenfeld et al., 1993, 1995; Robertson et al., 1994): For example, the recoveries of 
several different classes of organic pollutants using 30- to 4O-minute extractions with pure 
CO2 at 50°C CO2 density of 0.9 g/ml) and 200°C (CO2 density of 0.5 g/ml) have been 
compared to concenuations of the same analytes based on 18 hours of Soxhlet extraction 
(Hawthorne et al.. 1994; Iaqenfeld et al., 1993). As shown in Table 8, the recoveries 
achieved with the higher density condition (40°C). were generally much lower than the 
recoveries achieved at the lower density (2OOYJ) condition. Note also that extraction with 
pure CO2 at 200°C generallY gave excellent recoveries compared to the Soxhlet extrac- 
tions. For particularly difficult extractions, it has also been reported that the combination 
of high temperam and the addition of a modifier increases extraction efficiencies (Yang 
ez al., 1995). 

It is important to note three potentially-important limitations to the use of higher 
temperatures for analytical SE. First, the analyst must be sure that no thermal degradation 
of the target analytes occur (which can be determined with a spike recovery study). While 
thermal degradation is highly unlikely for many environmental polhnants (e.g., PAHs 
and PCBs) because of their thermal stability, it would seem much more likely to be a 
problem with biologic& samples and related analytes. Second, the results thus far have 
been conducted on “GC-abk” analytes. As discussed above, analytes with very low 
vapor pressures may not show large enhancements in solubility. Third, most commercial 
instruments are limited to 150°C, while the early reports demonstrating higher extraction 
rates with higher temperatures have used temperatures up to 200°C. However, recent 
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Table 8 Effect of SFE temperature on semi-volatile pollutant recoveries from soil using pure CQ. 

Annlyre Mm-ix Soxhler cow. % Recovery SFE vs. Soxhler 
Wk I=SD) (%RSDr 

PAHs 
fluoranthene 

henz(a]anthracene 
benzo(n]pyrene 

PCBS 

2,4,4’-trichloro- 
2,2’.3,5’-tetrachloro- 
2,3’,4,4’5-pcntachloro- 

2,2’3,3’4,4’5-heplachloro- 

air particulatcs 

sediment 

SOT 200°C 

7.1 (7) 49 (9) 142 (IO) 
2.6 (12) 46 16) 102 (6) 

2.9 (17) 23 (20) 70 (8) 

2.21 (5) 38 (2) 90 (2) 
1.07 (11) 64 (1) 108 (2) 
0.51 (2) 75 (2) 124 (3) 

0.11 (9) 96 (1) 144 (3) 

Pesticides 
atrazine 
promcton 

Heterocyclics 
bcnzothiazolc 
diphenylaminc 
thiocyanodiphcnylamine 
acridine 

soil 

103 (41) 21 w 107 (33) 

188 (40) 13 (II) 143 (15) 

877 (29) 4 (35) 77 (28) 

118 (52) 6 (21) 87 (26) 

soil 
0.47 (21) 72 (2) Ill (19) 
0.69 (24) 74 (5) 119 (24) 

Chlorophenots soil 

2,6-dichlorophenol 4.8 (41) 14 (40) 103 (21) 
2.4.5~trichlorophenol 25 (12) 33 (33) 102 (II) 
pcntachiorophenol 153 (38) 1 (If@ 114 (18) 

‘SFE was performed in triplicate for each sample at 405 bar for 30 minutes (for the pesticides. hctcrocyclics 
and chlorophenols) or 354 bar for 40 minutes (fair particulrttes and sediment). Soxhlet extractions were performed 
for at 18 hours in triplicate (for the pesticides, hetcrocyclics, and chlorophenols) or were used for the certification 
of the NIST standard reference materials (air particulates and sediment). Results arc adapted from references 
50 and 90. 

solubility studies (Bartle et al., 1991; Miller e? al., 1996, 1996a) and extraction studies 
Bawadt et al. (1995) have demonstrated that large enhancements in solubilities and 
extraction efficiencies can be achieved at 15O”C, as well as at higher temperatures. 

VIII. SELECTIVITY IN SFE 

WILL Selectivity versus Bulk Matrix 0rganic.s from Soils and Sediments 

One of the important reasons to perform SFE is that the extracts are frequently much 
cleaner (contain lower levels of extracted mahx material) than organic-solvent based 
extractions (e.g., Soxhlet extraction, sonication, accelerated solvent extraction). For 
example, SFE extracts of semkolatile pollutants (e.g., PM-IS, PCW from contaminated 
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Figure 23 Comparison of-CD chmmatogmms of a Soxhlet extract of marine sediment (NET SRM 1941a) 
after clean-up over acid silica and coPpcr adsorption (top) &d a raw SFE extract (using copper in the WE cell 
to adsorb elemental sulfur), bottom. The numbers on the chromatograms indicate the retention time of individual 
PCB congeners. Chromatogmm COU*SY of S0nn BBwadt. 

One of the important reasons to perform SFE is that the extracts are frequently much 
cleaner (contain lower levels of extracted matrix material) than organic-solvent based 
extractions (e.g., Soxhlet extraction, sonication, accelerated solvent extraction). For 
example, SFE extracts of semi-volatile poMants (e.g., PAHs, PCBs) from contaminated 
soils are typically clear to light yellow. while the Soxhlet extract of the same samples are 
nearly black. Often the SFE extracts can be analyzed immediately without the need for 
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Table 9 Sorbcnts used for fractionation in analytical SE. 

aluminas silica gel 
silicas Flofisil 
cclite hydromatrix 
dessicant materials modified silicas 
adsorbent disks synthetic resins/foams 

any post-extraction clean-up steps. However, the Soxhlet extract of the same sample shows 
massive interferences even after the extract is subjected to a clean up step on acid silica 
and adsorption of the elemental sulfur on copper. In fact, the Soxhlet extract required three 
clean-up steps by acid silica fractionation before the ECD detector background was low 
enough that the PCBs could be determined (Bflwadt). 

It should be noted that the addition of modifiers in SFE to increase extraction efficiencies 
does carry a penalty in generating extracts with more extracted matrix material (as indi- 
cated by darker extracts than those obtained using pure CO& Interestingly, using higher 
temperatures with pure CO* to increase extraction efficiencies of “N-able” organics (as 
discussed above) typically does not yield nearly as much co-extracted material in the 
extract as either organic solvent extractions or as using modifiers in COz, presumably 
because the use of higher temperatures with pure CO* does not cause increases in the 
solubility of matrix components (e.g., polar and high molecular weight materials such as 
humic acids). 

VII1.B. Selectivity in Biological Samples 

Many examples of optimizing selectivity in SFE have already been alluded to in the 
previous sections, but some mention of the special problems posed by biological and 
natural product matrices during SFE should be mentioned in this section. Although it is 

- a mute argument as to what sample matrices are the most difficult to extract specific 
analytes from via SFE, it is probably fair to say that the molecular complexity of many 
natural and biological samples poses specific problems to SFE with respect to extraction 
specificity. Whereas the previously mentioned environmental matrices are simplified 
somewhat due to their high content of inorganic matter, the level of extractables in food 
and biological matrices is quite variable, although it is generally agreed that carbohydrate 
and protein matter have limited solubility in SC-CO2 under typical SFE conditions. It is 
the high propensity of SC-CO* to extract lipid matter from natural products however, that 
causes much of the selectivity problem in the SFE of these materials. This has lead to 
the integration of cleanup techniques into the SFE schemes. 

Table 9 tabulates typical sorbents and materials that have found use in SFE. The sorbents 
listed generally tend to be “normal” phase column packing materials according to HPLC 
classification systems (Snyder, 1971). This is not coincidental, since the elUtropiC SWength 

of SC-CO2 even at high pressures, is limited to emulating non-polar to medium polarity 
liquid eluents. Aluminas, silicas, bonded or modified silicas, diatomaceous earths, and 
Florisil have all been cited in the SFE literature. These can be added directly to the 
extraction cell as a segregated bed from the sample matrix or have occasionally been 
successfully mixed directly with the sample matrix to effect a fractionation during the SFE. 



264 

80 - 

70 - 

2 
Q) 
g 

60- 

iii 
ff 50- 
8 

40 - 

30 - 

S.B. Hawthorne and J. W King 

Experimental Conditions 
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Figure 24 Percent (5%) pesticide ~covcry through extraction cell loaded with alumina for sample cleanup. 

An example of the isolation of pesticides from lipid. matter during the SFE of poultry 
fat is shown in Figure 24. Here, neutral ahmtina, heat activated, whose activity level has 
been adjusted by the addition of water (France et al., 1991a). is used to retain interfering 
lipid moieties while the pesticides; endrin, die&in, and heptachlor epoxide, are eluted with 
high recovery. It is important to know when the pesticides breakthrough so as to adequately 
time the collection of fractions devoid of fat. This described approach has proven popular 
in many applications of SFE, including the selective isolation of PAHs and PCBs from 
environmental matrices (Bowadt et al., 1995). Care must be taken, however, to realize that 
these crude “ChromatOgNP~~ cOlumns” are governed by the same elution principles that 
occur in other forms of chromatography. For example, the cleanup of a spiked lard sample 
on silica can be negated if the SFE is run excessively, thereby promoting breakthrough 
of the interfering compounds from the sorbent bed. This is illustrated in Figure 25 where 
small quantities of me’hanol have been added to aid in the recovery of the listed pesticides. 
&extracted lipids remain acceptably low up to a 2% methanol addition level in the SC- 
COz, however, a 3% methanol level proved excessive and lead to the elution of interfering 
lipid compounds in the desired extract (Field et al., 1992). 

Ix. ANALYTICAL REACTIONS IN SFE 

Analytical reactions during SUEZ provide the analyst with another approach to improve 
extraction selectivity, detection of extracted analytes via derivatization, increases in analyte 
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Figure 25 Effect of methanol modifier on cleanup of spiked lard during SFE. 

volatility, and enhanced solubility of the target analyte(s) in the extraction fluid. This can 
encompass quite a wide range of analyte types, ranging from lipids and pesticides, to 
inorganic species, as shown in Table 10. Many of the cited reactions utilize well known 

derivatizing agents that have been used in GC and HPLC methodology or as a reactant 
designed to improve the solubility of a normally insoluble analyte in SC-C02. The latter 
is best illustrated by the use of fluorinated “designer” ligands for enhancing the solubiiity 
of metal species in SC-CO2 (La&z et al., 1991). One must be cautious when using 
derivatizing agents as reactants in SE, particularly with matrices that are complex, since 
the extract may turn out to have more extracted matrix species than obtained through a 
conventional SFE approach. 

Table 10 Derivatizations applied in analytical SFE. 

Akylating Agents/BF3 - Acidic Herbicides 
Ion-Pairing AgenMlMPA - Ionic Surfactants 
Pentafluorobenzyl EstersKEA - Phenols, etc. 
Silylation Reagents - Matrix Detivatization 
5% HCVMC~~~IIOVXAD-~ Resin - Fatty Acids 
Trimethylphenylammonium Hydroxide - Fatty Acids 
Acetic AnhydridelAG-l-X8 Resin - Phenols 
Eslerification - Tocophcrols 
Lipasc/Alcohol Traasesteritication - Fatty Acids 
AluminalAlcohol - Fatty Acids 
Ligaod Reactions - Assorted Metaltinorganics 
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Several examples illustrating the breadth of this approach are described below. The use 
of hydrophobic ion-pairing agents have proven facile for characterizing surfactants in 
sewage sludges (Field et al., 1992), and a similar approach has worked well for difftcuh- 
to-extract acidic herbicides, although the mechanism of extraction/reaction remains con- 
troversial (Lopez-Avila et al., 1993). Silyation reagents have been applied to environmental 
matrices and can be used to extract sugars as illustrated by the SFC studies of Chester 
et al. (1986). Fatty acid derivatization is critical to many areas of scientific endeavor and 
a number of novel approaches have been developed that can be coupled with SEE. 
Trimethylphenylammonium hydroxide has been used to derivatize fatty acids by White 
and coworkers (White ef al., 1991) and transesterification over XAD-4 resin via the 
addition of 5% HCl/methanol has proven efficacious for the production of methyl esters. 
More recently, King and coworkers (Snyder et al., 1996, 1996a) have shown the utility 
of lipases in the derivatization of FAMES via transesterification. Both off-line and on-line 
modes of SFEISFR (supercritical fluid reaction) have been employed in these lipase 
catalyzed transesterification, and the technique can be employed on small samples. Caution 
must be exerted to not exceed the upper pressure and temperature limits tolerated by the 
lipase (approx. 276 bar and 60°C) during the SFEWR. Water can also be a mitigating 
factor in successful lipase-initiated derivatizations, and matrices having high water content 
should probably be freeze dried or purged with SC-CO2 to remove excessive water (Snyder 
et al., 1996). The integration of a reaction sequence with the SFE step can take on quite 
a high degree of sophistication as shown in Figure 26. Here a totally automated on-line 
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Fire 26 Automated SFUSFRI~ andYEr for the Wwmination of fat content in foods. 
Legend: (A) cylinder. (B) methanol; (C) high p=UurC pump; (D) valve; (E) extraction cell - (I) sample, (2) 
glass wool plug, (3) supported lipaxe: (F) malYe trap; (G) hexane rinse solvent: (H) rinse solvent pump; (I) 
sample vial; (J) GC auto injector tray; (K) gas chmatograph. 
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Table 11 Day-to-day variables for SFE and liquid solvent extraction, 

Supercritical Liquid 

Solvent choice (limited) Solvent choice 
Time Time 
Sample size (and cell size) Sample size 
Pressure 
Temperature 

Apparatus (e.g.. Soxhlet. sonication) 

Flow rate and mode (static/dynamic) 
Modifier choice and concentration 
Collection device (and conditions) 

FAME synthesizer is shown in which the alcoholic reagent is blended with the SC-CO2 
before the extraction cell and then passed sequentially over the sample to be extracted 
followed by esterification of the extract via the lipase also contained in the extraction cell. 
The derivatized sample is then captured on a sot-bent contained in the analyte collection 
trap, rinsed into a vial with a small aliquot of solvent, which is robotically transferred to 
a gas chromatographic auto-injector for analysis. A similar derivatization approach can be 
used to extract metallic species in which a SC-COz-compatible ligand is initially solubi- 
lized, then passed through the extraction cell, thereby selectively extracting the metallic 
species of interest. This is a relatively new area of research and promises an extension 
of SFE for inorganic analysis (Lin et al., 1994). 

X. GENERALIZED APPROACHES TO SFE 

X.A. Variables in the SF’E Experiment 

One reason for the confusion surrounding SFE methods development is the fact that the 
SFE experiment has more degrees of freedom than can actually be used during the 
experiment than an organic solvent extraction. This allows extractions to be performed 
with more selectivity (as discussed above), but does require more understanding of the 
relevant parameters. Fortunately, a general awareness of the importance and effects of these 
parameters can greatly reduce the confusion of an analyst new to SFE. While SFl3 and 
organic solvent extractions are governed by the same physicochemical principles and 
influenced by nearly the same variables, more day-today variables are controlled by the 
analyst doing SFE as outlined in Table 11. The most important differences between 
conventional solvent extraction and SFE is the ability to change pressure and temperature 
to control the solvent strength of the fluid, as well as the ability to mix fluids (add 
modifiers) with a much greater range of concentrations and identities than can be used 
in iiquid solvent extraction. One should also be aware of changes in sample morphology 
during SFE, i.e., pressure may expand or compress some sample matrices making them 
easier or more difficult to extract. An excellent example of this is during the SFE of 
polymers, where the application of pressure may cause swelling of the polymer, as well 
as affect appreciably such parameters as the glass transition temperature (Tsirule er al., 
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Table 12 Different approaches to obtain high extraction efficiencies of PCBs from a “worst case” sediment 

(SRM 1939). 

Fluid co2 (332 
Modifier (v/v) 5% MeOH 10% MeOH 
Pressure (bar) 405 405 
Temperature (“C) 70 80 
Static time (min) 0 5 
Dynamic time (min) 40 10 
Dynamic flow rate (mYmin) 0.7 I.0 
Reference 73 64 

co2 CO2 CO2 CO2 CHCIFI Hz0 
10% aniline - - - - - 

405 660 152 378 405 50 

80 200 200 97 100 250 
5 .o 0 10 0 0 

10 40 40 60 40 I5 
1.0 0.8 0.8 1.0 0.7 1.0 

64 90 90 92 73 103 

1994). However, these additional degrees of freedom are often more frustrating than useful 
to an analyst new to WE. Therefore, comments on optimizing SFE conditions and some 
general “rules of thumb” are given Mow. 

X.B. What’s Needed to Optimize SFE Conditions 

One of the most unfortunate myths about SFE is that all of the variables discussed above 
must be “optimized” for an extraction to yield reasonable quantitative results. This is 
certainly not the truth, since many combinations of SFE conditions can yield good ex- 
traction efficiencies. For example, the PCBs on NIST river sediment (SRM 1939) are much 
more difficult to extract than most PCBcontaminated soils and sediments, and will not 
be efficiently extracted at “normal” SFE conditions (e.g., 300 to 400 bar, 40 to 60°C). 
However, quantitative extractions of PCBs (-75 to 130% recoveries compared to the 
values reported by NIST based on two sequential 16-hour Soxhlet extractions) from this 
sample have been achieved with extraction times as short as 15 minutes using several 
different SFE conditions as shown in Table 12. Various conditions that have been successful 
include using a variety of different modifiers under dynamic and static flow, by using 
alternate supercritical fluids such as CHCJ.F2, using pure CO2 at higher temperatures, and 
even with the use of subcritical water (Yang et al., 1995b). Note also that the “stronger” 
conditions used to achieve high recoveries from the difficult MST river sediment work 
perfectly well for all PCB-contaminated soils and sediments (based on the author’s and 
co-workers experience with -30 different real-world samples). 

. 

It is also important to note that a single SFE condition often will extract a large range 
of analyte types. For example. the use of pure CO* at 150°C for 30 minutes gave very 
good recoveries (typically 80 to 120% versus 18-hour Soxhlet extractions) for PCBs and 
PAHs from a variety of soils and sediments. As shown in Table 8, the use of pure CO2 
at high temperatures gave good recoveries of a wide range of semi-volatile pollutants, and 
it is reasonable to expect that nearly all of the compounds on the U.S. Environmental 
Protection Agency’s list of semi-volatile organic pollutants would be efficiently extracted 
with pure CO2 at 150°C. 

Similar considerations can ais0 apply when extracting food or biological samples, 
although there are some subtle differences to consider. Extraction pressures to 689 bar 
should generally be available, since removal of analytes from biological matrices can 
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involve a diversity of sample types and analytes. Total removal of water, always present 
in many types of biological samples and food products, is often not necessary since low 
sample water content (below 10 wt.%) WI UsUahY be controlled by selection of extraction 
conditions or addition of desiccants into the extraction scheme. 

X.C. Selecting Conditions for SFE 
The reader should fust review the previous sections on collection efficiencies, sample 
homogeneity, and decide upon the definition of “quantitative” recovery to be used. The 
next task is to select initial conditions and extract representative samples to &tefine 
extraction efficiencies. The following sections give advice on selecting these extraction 
conditions based -20 years of accumulated experience developing analytical SFE methods 
of the two co-authors. Before starting the discussion, it is important to note that different 
investigators may suggest different approaches, just as several different WE conditions 
have been developed that yield quantitative recoveries of PCBs as described above 
(Table 12). The advice given below is, essentially, the approach that the authors of this 
chapter would follow in their own laboratories, and will hopefully be useful to others. The 
discussions below are divided by sample matrices rather than by analytes because different 
approaches to SFE conditions are controlled as often by the sample matrix as by the 
anaiytes (not to mention that the two co-authors’ experiences are divided by sample 
matrices). For example, extracting PCBs from sediment is generally limited by the desorptionl 
kinetic step (Step 1) because of the strong interactions of the analytes with the matrix that 
has resulted from environmental aging. The SFE conditions must, therefore, overcome the 
analyte/matrix interactions in order that Step 1 is reasonably fast (e.g., by. raising tem- 
perature or adding modifier). In contrast, extracting PCBs from biological tissue is much 
more likely to be controlled by the solubilitylelution step (Step 2). since the PCBs will 
be associated with the fat in the sample, and their extraction will be enhanced by SFE 
conditions that enhance Step 2 (e.g., faster flow rates, higher pressures). 

X.C.I. SFE conditions for environmental solids 

Environmental samples vary greatly in their matrix characteristics, and in more cases 
are controlled by the kineticldesorption step (Step 1) than by the solubihty/elution step 
(Step 2), with the notable exception of more polar and higher molecular weight organics 
which often are controlled by Step 2 because of their lack of solubility in C02. The analyst 
should choose representative real (not spiked) samples for methods development, and if 
possible, the analyst should choose a sample known to be difficult to extract (e.g., the MST 
SRM 1939 for PCBs as discussed above) since SFE conditions that yield high recoveries 
for the difftcult samples will also work for samples which have weaker anajytdmatrix 
interactions. Although not always true, samples with lower contamination levels and longer 
aging times generally will be more difficult to extract, since the jJohu~~ will be more 
tightly associated with active sites on the matrix, and are, therefore, better choices for 
methods development. 

Several general rules can be given for SFE of various classes of organic Pollutants from 
environmental solids such as soils, sediments, sludges, and air particulate matter (i.e., non- 
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biological samples). The conditions suggested below (based on the author’s experience) 
will frequently yield satisfactory recoveries for a broad range of organic pollutants and 
no further development will be needed. As stated above, several different SFE conditions 
may be equally useful, but some have practical disadvantages and will not be suggested 
(e.g., supercritical CHClF2 is an excellent extraction fluid, but the use of Freons is not 
as acceptable as COz). In addition, the suggested approaches will focus on methods that 
are simplest (and least expensive) to perform using commercial instrumentation. 

Volatile Organic Compounds (VOCs) 

VOCs in environmental samples include organic compounds with relatively high vapor 
pressures and are frequently a result of contamination from commercial solvents and fuels 
such as gasoline. For the more volatile VOCs, purge and trap analysis is less expensive 
and more reliable ‘than SFE, and should be considered. However, there is often a desire 
to determine a range of organics from a single extraction. For example, purge and trap 
is applicable to only the more volatile end of gasoline components (e.g., benzene), but 
can fail to yield high recoveries of less volatile compounds which are also present in 
gasoline (e.g., higher molecular weight alkyl benzenes). If properly performed, SFE has 
the advantage that both VOCs and semi-volatile organic pollutants can be determined from 
a single extraction method. For example, extraction and quantitation of gasoline-to-diesel 
range organics requires a purge and trap and an organic solvent extraction by conventional 
methods, but SFE has been used to determine the entire range of hydrocarbons with a single 
extraction (Yang et al., 1995a). 

Organic pollutants that have enough vapor pressure to be considered VOCs have high 
solubilities in CO2 and are weakly associated with the sample matrix. Therefore, mild SFE 
conditions (e.g., 350 bar or less, W’C, 20 to 30 minutes) with pure COz will efficiently 
extract VOCs, and virtually no methods development is needed on the extraction step. 
However, the collection efficiencies of extracted VOCs can be very difficult, particularly 
for the more volatile compounds. The reader interested in using SFE for VOCs should 
carefully review the collection section (above) as well as the relevant references. 

Semi-volatile organics 

For the purpose of this discussion, semi-volatile organics are compounds with lower vapor 
pressures than VOCs, but have sufficient vapor pressures to be “GC-able” by conventional 
capillary gas chromatography. These compounds have received the most attention in the 
SFE environmental literature because they typically have sufficient solubility in supercritical 
CO1 to be extracted, and because of the desire to replace the conventional organic solvent 
extraction methods. For the more volatile semi-volatiles (e.g., naphthalene), the analyst 
must be quite careful with collection efficiencies; however, the major problem with semi- 
volatiles is the extraction step. 

For most semi-volatile& extraction with pure CG, at “typical” SFE conditions (e.g., 350 
to 400 bar, 40 to 50°C, 30 minutes, co2 flow rate of 1 to 2 m/minute), will extract loosely- 
bound analytes (e.g., spiked analytes or incurred analytes that are not tightly associated 
with matrix active sites), but unfortunately, can often fail to yield high recoveries of 
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pollutants that have been aged in the matrix in the environment (see the discussion on 
determining quantitative extractions, above). This is, essentially, because the extraction 
of loosely bound analytes Whether spiked or not) is controlled by the so]ubi]ity/e]ution 
step (Step 2), while the extraction of more tightly bound analytes is controlled by the 
desorptiotinetic step (Step 1). 

If recoveries Of Semi-Volatile OrganiCS from real samples are not satisfactory with the 
“typical” SFE conditions given above, the next simplest step is to raise the temperature 
to the upper limit of the instrument (typically 150°C for most manufacturers) and repeat 
the extraction using the same SFE conditions as for the lower temperature extraction. 
Raising the temperature should increase analyte solubility (thus enhance Step 2). as we]] 
as increase the rate of Step 1 as discussed above. While raising SFE temperatures has not 
yet gained popularity, we have found it the single most effective approach to increasing 
recoveries of semi-volatile organics from environmental samples. In addition, the use of 
high temperature with pure CO2 frequently increases extraction efficiencies at least as well 
as adding’ modifiers, yet eliminates the problems in collection efficiencies and occasional 
need to remove the modifier prior to analysis (as discussed above), as well as being simpler 
and less expensive. It should be noted that raising the extraction pressure to the upper limit 
of the instrument will certainly not hurt extraction efficiencies, but raising pressures above 
-400 bar have generally not been shown to increase efficiencies since CO2 density does 
not increase substantially at higher pressures. 

As analytes get more polar (e.g., chloroanilines, nitrotoluenes), it becomes more likely 
that solubility will be a problem and an added modifier will be needed. However, adding 
modifier also increases the quantity of more polar matrix material that is extracted, while 
raising temperature yields a much cleaner extract. Should raising the temperature with pure 
CO2 fail to give adequate recoveries, the addition of modifiers should be investigated using 
the static/dynamic approach described above. (Please refer to the discussion on modifiers 
concerning selecting modifiers and surveying their performance, as well as the cautions 
on using modifiers with sorbent trapping systems.) A typical survey could utilize methanol. 
toluene, and diethylamine to represent acid, aromatic, and base character, respectively. 
Extractions should use the same conditions as above, with the exception that a short (e.g., 
15 minute) static extraction should precede the dynamic extraction to allow the modifier 
(which is added directly to the sample) to interact with the sample before being eluted 
from the SFE cell. Temperatures for extraction are typically raised just enough lo ensure 
a single-phase system (e.g., 70-80°C for a 10 ~01% modifier addition). However, Yang 
et al. have recently reported that combining modifiers and raising the SFE temperature 
is even more effective for particularly difficult samples (Yang et al., 1995a). 

Non-volatile and polar organics 

In COntraSt to most semi-volatile organic& organics Ihat are too non-volatile or too polar 
to be analyzed by GC are likely to not be sufficiently soluble in supercritical Co2 to allow 
extraction, e.g., many polar pesticides and ionic surfactants are simply not soluble in CO1 
Under normal pressures and temperatures. It also becomes less likely that raising the WE 
temperature will be useful, since these compounds are often thermally unstable (e.g., many 
newer pesticides) and/or have such low vapor pressures that no solubility enhancement 
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occurs. The lack of reports for extracting such analytes makes generalized rules difficult 
to give. Adding organic modifiers is almost certainly necessary, or alternate fluids could 
be considered. For example, the ionic surfactant, linear alkylbenzene sulfonates (LAS), 
cannot not be extracted with pure C02. but has been efficiently extracted using high 
concentrations of methanol modifier (Hawthorne et al., 1991) or using pure CHCIF? 
(Hawthorne et al., 1992a). In addition, the analyst should consider derivatization proce- 
dures as discussed above, especially if analytes must be derivatized in order to perform 
the analysis. 

X.C.2. SFE conditions for biological samples 

SFE conditions for biological samples and the extraction of natural product matrices are 
often determined by the nature of the sample matrix; it’s water or lipid content, level of 
anticipated coextractives, expected quantity of extracted (ppb of toxicant versus 50 wt.% 
of fat in peanuts), and association of the analyte with non-extractive moieties in the matrix 
such as carbohydrates or protein matter. For this reason, it is probably fair to say that SFE 
of biological matter is more complex, requires a diversity of extraction conditions, and 
is accomplished easier via off-line SFE techniques, than in other areas of application. For 
example, the simple extraction of fat from a food matrix can be highly dependent on the 
water content. Extraction of oil from soybeans is accomplished relatively easy by SFE; 
however, extraction of similar fat moieties from a high water content meat sample takes 
considerably more sample manipulation than the former case. Likewise, extraction of fat 
on a 5-20% weight level from certain sample matrices is frequently easier to accomplish 
than removal of trace lipid species from biological tissues or high fat containing matrices 
where the bed dynamics may influence the final outcome of the extraction. All of the above 
cases are manageable, but require that analytical SFE be optimized for the case under 
consideration, just as it is in liquid extraction. It must also be realized that analytical SFE 
is an expanding technique with regard to biological and food applications, and every new 
application may require a somewhat different approach. With this in mind, and the diversity 
of applications already reported (Dean, 1993), we have selected three generic areas of 
application to illustrate conditions for conducting SFE on biological samples, namely the 
determination of a non-volatile specie in a sample matrix (oil in seeds), extraction of trace 
level volatile species from an accelerated storage seed oil sample, and the determination 
of a moderately polar ar&‘te Matoxins) requiring the use of a cosolvent to affect the 
extraction from corn. All three of these examples show the applicability of analytical SFE 
to seed oil matrices and illustrate the diverse possibilities for applying SFE to matrices 
having very similar prOpU’h% 

Extraction of oils and fats 
This area is chosen as an example of the application of analytical ,SFE because of its 
potential widespread utilization. compatibility with SC-CO2 extraction, its impact on the 
elimination of using organic solvents in the laboratory environment, and the requirement 
of an exhaustive SFE of potentially large quantities of extracted analyte. The extrac- 
tion of such moieties is partiCularlY sensitive to extraction pressure and temperature, as 
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Table 13 Experimental parameters which influence oil/fat 
extractions by WE. 

sample size 
sample preparation (panicle size) 
oil content of sample 
extraction pressure and temperature 
moisture level in sample 
co-extraction of water 
oil dehydration and outgassing 
condensation of moisture in collection vessel 

indicated by Figure 22; hence, the extraction of a large quantity of lipid matter should 
be done at an appropriate high pressure and temperature and at an adequately h@-, flow 
rate to complete the extraction in minimal time (King, 1989a). Approximate weight 

percents for soybean oil in SC-CO2 are 0.1 at 193 bar and 80°C. 1.0 at 345 bar and 80°C. 
and potentially well over 20 at 689 bar and 80°C. Hence, the advantages of conducting 
the SFE and having the appropriate equipment that can reach higher pressures/temperatures 
is self evident. 

As noted before, high moisture content is inhibitory to completing a quantitative 
extraction and prohibitive in terms of time. Oil seeds of moderate moisture content can 
be handled by in-situ desiccation with extraction additives; however, cereal grains and 
many bakery products are resistant to complete extraction due to complexation of the fat 
moieties with starch or lipid-carbohydrate complexation. The latter may be partially 
overcome by the use of specific cosolvents (Knightly, 1989) or extensive hydrolysis of 
the sample matrix. Newer nutritional labeling methods, based on GC analysis of hydrolyzed 
and derivatized fatty acids, are compatible with WE, but the method can be complex and 
time consuming (House et al., 1994). SFE of lipid matter from biological matrices is often 
non-selective; hence, minor lipid constituents, such as cholesterol, are difficult to extract 
individually, since coextracted lipid matter is usually always present in minor amounts. 
Some SUEZ speciation can be achieved by employing sorbents in the extraction cell, or post 
extraction, for isolating the individual lipid species. 

Table 13 lists the experimental parameters that are germane to the extraction of oil and 
fat via WE. Large sample sizes will require a fluid pumping system that can achieve at 
least a 4 m/min delivery rate of liquid COZ. Sample comminution is the rule in extractions 
of this type; in the case of seed extraction, to break the cell walls that prohibit free access 
of the extraction fluid to the oil matrix. &extraction of water may be sufficiently delayed 
so that no appreciable extraction (as evidenced by turbidity in the oil) will occur in the 
earlier part of the extraction. However, the extracted fat may contain imbibed fluid still 
dissolved in the extract or trace levels of water which should be removed via outgassing 
of the extract, particularly if the determination of fat is being done on a gravimetric basis. 
An example of such results are shown in Table 14, where the gravimeec-based deter- 
mination of oil content was determined for three different seed tYP% including highly 
moist, wet-milled corn germ and a canoia sample containing a very high oil content. 
Agreement between the SE and solvent extracted sample is excellent for all three different 
seed oil types, lending credence to the SFE method (Taylor et al., 1993a). 
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Table 14 Comparison of extraction of various seed oils SFE vs. Soxhlet. 

Oilseed Tvpe \VeighI Percenr 

SF& So.rlrlrr 

Soybean Flakes 20.6 f 0.2 20.5 * 0.2 
Canola 39.8 + 0.5 40.5 + 0.5 
Wet-Milled Corn Germ 48.9 + 0.5 50.4 * 1.3 

Extraction of volatile matter 

The extraction of volatiles and semivolatiles from biological matrices by SF!Z offers some 
improvement over other techniques such as headspace or purge/trap methods due to its 
benign nature. SFE using SC-CO2 bathes the sample in the extraction cell with a non- 
oxidative environment and can be accomplished at relatively low temperatures, thereby, 
avoiding molecular alteration of the analyte during the extraction process. Extractions can 
frequently be performed under 200 bar and at temperatures slightly above the critical 
temperature of the extracting fluid, e.g., 35-45”C for SC-COZ. Extractions conducted at 
lower pressures also avoids the simultaneous extraction of lipid ‘coextractives which can 
foul the end analytical method, such as gas chromatography. This makes the technique 
amenable in both the on-, as well as off-line modes. 

Trapping of such volatile and semivolatile species is much more critical than in the 
case of solutes having low vapor pressures or high melting points. As noted previously, 
collection devices containing sot-bents are frequently favored, but even analyte losses 
from these beds can occur and must be minimized. Taylor et al. (1994) have offered the 
use of inverse gas chromatographic data as a guide for selecting trapping conditions after 
SF’E in the presence of carbon dioxide. Table 15 shows that the breakthrough volume for 
a hypothetical case of the passage of 60 liters of expanded COz (approx. 120 ml 
of L-CO3 over a Tenax trap for a given extraction time and weight of adsorbent. The 
data show that at 25% several analytes would breakthrough from this sorbent trap and 
be lost for analysis. Reduction of the trap temperature via sub-ambient cooling should 
eliminate most of the amWe breakthrough, although quantitative capture of ethanol is still 
not being accomplished. 

Experiments in one of the authors’ laboratories has shown that relative to purge/trap 
methods, SFE produces almost no molecular degradation induced by the extraction and 
trapping method. For example, desorbing volatiles collected from SC-CO* purging of 
heated canola oil on Tenax by purge/trap methodology produces aldehydes lower than C6, 
while such species are absent in. the desorption conducted under supercritical fluid con- 
ditions with CO2 (e.g., 158 bar, WC). These artifacts can be produced even under 
supercritical desorption conditions if the temperature is raised to 150°C, indicating the 
value of the lower extraction temperature coupled with the extraction pressure of SC-C02. 
This type of technique has proven very efficacious in studying the degradation of seed 
oils via SFE coupled wiih GUMS as shown in Figure 27. Here the degradation products 
in autoxidized oils are clearly evident as a function of time for the exposed canola oil 
sample, using on-line SFE at 103 bar and 50°C (Snyder, 1995). 
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Table 15 Utilization of Specific retenrion volume to predicl analyte hreakthrouch 
off sorbent trap. 

Extraction Conditions: CO, Flow Rale (25°C. I atm) = 2.0 Vmin 

Weight of Tenax = 2.0 grams 
Extraction Time = 30 min 

Total Volume of CO: (25°C. 1 atm) = ho I (expanded 1 

Solute 

n-Hexane 

n-Octane 
n-Decane 
n-Dodecane 

Ethanol 

Propanol 
N-Butanol 
Dichloromethane 
Chlorobenzene 
1,2-Dichloroethane 
I. 1,2-Trichloroethane 

Pentanal 
Hexanal 
Nonanal 
2,4 - Decadienal 

vg (25°C) vg (-25°C) 

25.2 (Y) 2862 (NI 
344 (N) 

10462 (N) 
17916 (N) 

1.48 (Y) 38.8 (Y) 

8.84 (Y) 448 (NJ 
58.2 (Y) 6114 (N) 
4.06 (Y) 126 (N) 
606 (NJ 

27.0 (Y) 1616 (N) 
194 (N) 

164 (N) 
800 0) 

24580 (N) 
574OM-l (N) 

(Y) = Breakthrough occurred; (N) = Breakthrough does not occur. 

Extraction of polar toxicant (analyte) from corn 

Extraction of polar analytes from biological matrices by SFE presents some of the same 
problems as SFE removal of these analytes from environmental matrices. Such analytes 
may be sparingly soluble in SC-CO2 alone and be tightly bound to the matrix so as to 
require the use of a cosolvent along with the primary extraction fluid. However, frequently 
these analytes occur at trace levels in the sample matrix, so that their solubility in a neat 
extracting fluid is more than sufficient to permit SFE (Lee et of., 1990). Unfortunately, 
this is not the case for reasons alluded to in Section II1.A. and coupling this fact with the 
matrix effect makes extraction with SFE diffkult, but not impossible. The rationale for 
pursuing WE, at least for biological samples, even when using a cosolvent is usually the 
high extraction recoveries obtained and the overall reduction in solvent relative to an older 
solvent-intensive method that has been used traditionally. 

An illustrative case in point is the extraction of the mycotoxin, aflatoxin B I from Yellow 
corn which requires the use of a binary modifier to obtain successful recoveries. Extraction 
with neat SC-CO2 proved unsuccessful, even at pressures up to 1,034 bar and high 
temperatures (80°C). Static addition of small aliquots of several modifiers also proved 
insufficient relative to dynamic addition of the cosolvents. A 2:l acetonitrile/methanol 
modifier mixture (Taylor et al., 1993) was then tested using different extraction tempera- 
tures, pressures and percent modifier a shown in Table 16. As indicated, 15% of the binary 
modifier at 345 bar and 80°C proved sufficient to give recoveries equivalent to those 
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16 Days 

8 Days 

O-Time 

Figure 27 SFWGCIMS - ‘Total ion current Profile chromaioprams showing accelerated storage effect at zero. 
8 days. and 16 days storage for canola oil. 

obtained via solvent extraction. Such scouting for optimal conditions in SFE is not 
uncommon and can be easily accommodated overnight on automated analytical SFE 
equipment. 

Will these conditions suffice for the same or similar mycotoxins in different matrices 
and at different levels of contiunination? Recent research has shown at much lower levels 
of aflatoxin in yellow corn (15 ppb versus 600 ppb in the above example), that aflatoxin 
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Table 16 Screening for optimum conditions - Si% of anatoxin B, from a corn sample. 

Pressure (bar) Emp. (“CJ 70 Modifier* (vol) VOl Compressed CO? (mj Recnw~ (pphl 

345 80 5 loo 476 
345 80 10 100 274 
345 80 15 100 595 
345 80 20 100 282 
517 40 5 100 446 
517 40 10 Ice 502 
517 40 15 loo 459 
517 40 20 100 282 

Stnndard Methods 
CB Method** 449 
No Cleanup*** 595 

* ACN/MeOH (2: I), ** Silica column cleanup of HCC13 extract, *** No silica column cleanup. 

B 1 is only recovered at a 60% level using the above optimal conditions. This low recovery 
may reflect the diffkulty in extracting the lower level of trace analyte from the yellow 
corn matrix. Similar results have also been recorded for the recovery of afIatoxin B 1 from 
white corn, indicating that the method does not have universal applicability to a variety 
of sample matrices. Using the above approach, extractions were attempted of the more 
polar aflatoxin B 1 metabolite, aflatoxin M 1, from beef liver at a 0.3 ppb level! Liver is 
a notoriously diffkult matrix to extract analytes from (see Section IILA.), and the use of 
cosolvents creates the need for extract cleanup after completion of the extraction. Nev- 
ertheless, a reasonably clean extract can be achieved by conducting the extraction al 552 
bar and 8O”C, using only 3.3 volume percent of 2:l acetonitrile/methanol modifier, which 
yields a 86% recovery (Langenfeld et al., 1994). Although such method develop is often 
arduous, as it is in conventional liquid extraction, it is the above experimental flexibility 
that makes analytical WE unique, and such an attractive technique. 

SUMMARY 

The authors hope that the discussions presented in &is chapter will provide readers a firm, 
practical background in analytical WE, as well as a basic understanding of the chemistry 
controlling these extractions. The material presented should help new users avoid many 

common pitfalls, and hopefully will help readers to understand why the authors are so 
enthused about this very versatile new approach to extracting analytes from both envi- 
ronmental and biological samples. 
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